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1.   INTRODUCTION 

1.1. Purpose and Scope 

The purpose of this manual is to provide guidance on the use and 

interpretation of the Cone Penetration Test (CPT) and Cone Penetration Test 

with pore pressure measurement (CPTU), and their use in geotechnical 

design. The current ASTM Standard D3AA1, 1986 for cone penetration testing 

is reproduced as Appendix A. The authors provide herein their recommended 

guidelines to interpret a full range of geotechnical parameters from CPT 

and CPTU data. The use of this data in geotechnical design is complex and 

often project specific. However, design guidelines have been given 

(Chapter 5) to assist in their use. Relevant design examples and case 

histories have been given in a companion volume called "Worked Examples" 

which illustrates the application of the CPT and CPTU data to geotechnical 

design. 

The practice described is that adopted in North America which closely 

follows European methods. This manual is applicable to standard electronic 

cones with a 60 degree apex angle and a diameter of 35.7 mm (10 cma cross- 

sectional area), although much of the manual is also applicable to 

mechanical cones of the same dimensions. 

Summaries are provided at the end of each chapter on interpretation. 

These are intended to help the user, and should be used in conjunction with 

the main text. 

To the conscientious reader the manual will appear to have some areas 

of repetition. This has been done purposely to ensure that readers who 

only read certain sections are made aware of some important points. 

This manual concentrates on the CPT and CPTU. A companion manual was 

also developed for the Marchetti Dilatometer Test (DMT) as part of this 
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project. 

1.2. General Description of CPT 

In the cone penetration test (CPT) a cone (see Fig. 1.1 for 

terminology) on the end of a series of rods is pushed into the ground at a 

constant rate and continuous or intermittent measurements are made of the 

resistance to penetration of the cone. Measurements are also made of 

either the combined resistance to penetration of the cone and outer surface 

of a sleeve or the resistance of a surface sleeve. 

Probing with rods through weak soils to locate a firmer stratum has 

been practised since about 1917. It was in the Netherlands in about 1934 

that the CPT was introduced in a form recognizable today. The method has 

been referred to as the Static Penetration Test, Quasi-static Penetration 

Test, Dutch Sounding Test and Dutch Deep Sounding Test. 

The existing CPT systems can be divided into two main groups, mecha- 

nical and electronic types. A cone with a 10 cm2 base area cone tip with 

an apex angle of 60 degrees is accepted as standard and has been specified 

in the European and American Standards. The friction sleeve, located above 

the conical tip, has a standard surface area of 150 cm2. The mechanical 

cones require a double-rod system. 

In soft soils, cone penetration to depths in excess of 100 meters 

(330 feet) may be achieved provided verticality is maintained. Gravel 

layers and boulders, heavily cemented zones and dense sand layers can 

restrict the penetration severely and deflect and damage cones and rods, 

especially if overlying soils are very soft and allow rod buckling. 
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Figure 1.1     Terminology regarding the Cone Penetromet er 



14 

The mechanical cone offers the advantage of an initial low cost for 

equipment and simplicity of operation. However, it does have the disadvan- 

tage of a rather slow incremental procedure (usually every 20 cm), ineffec- 

tiveness in soft soils, requirement of moving parts, labour intensive data 

handling and presentation, generally poor accuracy, and shallow depth capa- 

bility. 

The types of mechanical cones generally used are those originally 

developed in Holland. In rather homogeneous competent soils, without sharp 

variations in cone resistance, mechanical cone data can be fully adequate, 

provided the equipment is properly maintained and the operator has the 

required experience. Nevertheless, the quality of the data remains much 

more operator dependent than with an electronic penetrometer. In soft 

soils, the accuracy of the results can sometimes be inadequate for a quan- 

titative analysis of the soil properties. In highly stratified materials 

even a satisfactory qualitative interpretation may be impossible. 

The electronic cone offers obvious advantages, such as a more rapid 

procedure, continuous recording, higher accuracy and repeatability, poten- 

tial for automatic data logging, reduction and plotting, and the possibili- 

ty of incorporating additional sensors in the cone. However, the 

electronic cones have an initial high cost for equipment and require well 

skilled operators with a knowledge of electronics. They also require 

adequate back-up in technical facilities for calibration and maintenance. 

The most significant advantage that electronic cones offer is their 

repeatability and accuracy (Schmertmann, 1975, Schaap and Zuidberg, 1982) 

and their nearly continuous data. The most significant recent development 

in the CPT is the addition of pore pressure measurements (CPTU).  The 
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addition of pore pressure measurements has added a new dimension to the 

interpretation of geotechnical parameters, particularly in loose or soft, 

saturated deposits. 

The main advantages of the CPTU over conventional CPT are: 

• ability to distinguish between drained, partially drained and 

undrained penetration, 

• ability to correct measured cone data to account for unbalanced 

water forces due to unequal end areas in cone design, 

• ability to evaluate flow and consolidation characteristics, 

• ability to assess equilibrium groundwater conditions, 

• improved soil profiling and identification, 

• improved evaluation of geotechnical parameters. 

The primary purpose of the CPT and CPTU is for stratigraphic logging 

and preliminary evaluation of geotechnical parameters. Other in-situ test 

methods or sampling and laboratory testing, may be better suited for use in 

critical areas that have been defined by the CPT or CPTU. The CPT or CPTU 

should be used to determine the locations and elevations at which other 

in-situ tests and/or sampling should be carried out. 

Where the geology is uniform and well understood and where predictions 

based on CPT or CPTU results have been locally verified and correlated with 

structure performance, the CPT or CPTU can be used alone for design. 

However, even in these circumstances the CPT or CPTU may be accompanied by 

boreholes, sampling and testing for one or more of the following reasons: 

(1) to clarify identification of soil type 

(2) to verify local correlations 
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(3) to assist where interpretation of CPT or CPTU data is difficult 

due to partial drainage conditions or problem soils 

(4) to assist where the effects of future changes in soil loading are 

not recorded by the CPT. 
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2.  EQUIPMENT AND PROCEDURES 

2.1. CPT and CPTU Equipment 

The first electronic cone was introduced in 19A8 and later improved in 

1971 (de Ruiter, 1971). Since then, numerous designs have been developed. 

A cone of 10 cm2 base area with an apex angle of 60° is generally accepted 

as standard and has been specified in the European and American Standards 

(ISSMFE, 1977; ASTM, 1986, see Appendix A). The friction sleeve, located 

above the conical tip, has a standard area of 150 cm2. The friction sleeve 

on electronic cones has the same diameter as the conical tip and push rods, 

i.e., 35.7 mm. 

Electronic penetrometers have built-in load cells that record end 

bearing stress, q , and friction sleeve stress, f . Bonded strain gauges 
c s 

are most commonly used for load cells, because of their simplicity, 

ruggedness, and zero stability, but inductive and vibrating wire types also 

exist (Sanglerat, 1972). Load cells have also been developed that incor- 

porate pressure transducers to record load (Torstensson, 1982). In 

general, however, experience has shown that the use of the strain gauge 

provides a high precision for load cells. Full details on cone designs are 

given by Robertson and Campanella (1986). 

In general, no single cone design will meet all requirements and 

needs. Flexibility in cone equipment and designs is important so that 

various cones can be employed depending on the soil conditions and project 

requirements. In general, a high capacity cone (tip load cell capacity of 

10 tons) should be used to provide the preliminary soil profile and 

stratigraphy.  If a soft layer is encountered within the profile that 
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requires more careful examination, a dual range cone or lower capacity cone 

could be used in specific areas, as defined by the high capacity cone. 

This flexibility in cone use requires careful design of the data acquisi- 

tion system. 

The introduction of pore pressure measurements has significantly 

improved the use and interpretation of the electronic cone (Wissa, 1975, 

Torstensson, 1975). 

Measuring pore pressures during cone penetration requires careful 

consideration of probe design, choice and location of the porous element 

and probe saturation (Campanella and Robertson, 1988). The mechanical 

design of the cone must ensure that when the cone tip is stressed, no load 

is transferred to the pore pressure transducer, porous element or fluid 

volume. This problem can be checked by loading the tip of a fully 

assembled, saturated cone and observing the pore pressure response. If no 

mechanical load transfer occurs, no pore pressure response should be 

observed. 

For a high frequency response, (i.e. fast response time), the design 

must have a small fluid filled cavity, low compressibility and viscosity of 

fluid, a high permeability of the porous filter and a large area to wall 

thickness ratio of the filter (Smits, 1982). To measure penetration pore 

pressures rather than filter compression effects, the filter should be 

rigid. However, to maintain saturation, the,filter should have a high air 

entry resistance, which requires a finely graded filter and/or high vis- 

cosity of the fluid. Clearly, not all of these requirements can be 

combined. 
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An essential requirement is to incorporate small fluid cavity, a low 

compressibility of saturating fluid and a rigid or low compliance pressure 

transducer. A balance is required between a high permeability of the 

porous filter to maintain a fast response time and a low permeability to 

have a high air entry resistance to maintain saturation. 

Filter element squeeze can also be important for cones that measure 

pore pressures at the apex of the tip or on the face of the tip. During 

penetration into a dense layer with high cone tip resistance, the filter 

element can become compressed and generate high positive pore pressures. 

This will occur unless the filter element has a very low compressibility or 

if filter and soil are of sufficient permeability to rapidly dissipate the 

pore pressure due to filter element compression. Experience gained at UBC 

with a relatively compressible porous plastic filter element behind the 

cone tip has shown no evidence of induced pore pressure due to filter 

squeeze. This is likely due to the low normal stresses behind the cone tip 

and the high permeability of the porous plastic element. However, problems 

may occur with these elements in very stiff soils with permeabilities 

considerably lower than that of the porous element. In a recent field 

comparison study between porous polypropylene (a hard plastic) and ceramic 

filters there were no significant differences in penetration pore 

pressures. Filter squeeze is mainly critical for pore pressure measure- 

ments on the face of the cone tip during initial penetration into dense 

fine or silty sands and compact glaciated silts and clays'. 

Figure 2.1 shows the essential elements of the Hogentogler/GMF piezo- 

cone tips. The design uses a small pressure transducer mounted within the 

cone and behind the tip to sense the water pressure. The design also has a 
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Figure 2.1  Hogentogler Piezometer Cones 
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minimal volume between the transducer and the external surface of the 

porous filter. This is important to minimize the response time of the 

measuring system. 

The Hogentogler design enables the filter or porous plastic element to 

be located either on the face of the conical tip at mid height or 

immediately behind it. This change in filter location can be made in the 

field. There are advantages and disadvantages for both filter locations. 

This will be discussed later in Section 3.1.2. 

The filter can be made from the following materials; porous plastic, 

•ceramic, or sintered stainless steel. Its function is to allow rapid move- 

ments of the extremely small volumes of water needed to activate the 

pressure sensor while preventing soil ingress or blockage. Both machining 

and abrasion through dense sand tends to close off the openings into a 

stainless filter. A ceramic filter does not usually survive penetration 

through dense sands. Porous polypropylene, a tough hard plastic, survives 

nicely in dense sands and gravelly soils showing only minor wear. 

2.2. Pushing Equipment 

2.2.1. On Land 

The rigs used for pushing the penetrometer consist basically of a 

hydraulic jacking system. They are usually specially built for this 

purpose, but sometimes the push-down of an anchored drill rig is used. The 

thrust capacity needed for cone testing commonly varies between 10 and 20 

tons (100 and 200 kN). 5 and 2 tons capacity (50 kN and 20. kN) is also 

common for use in soft soils. 20 tons (200 kN) is about the maximum 

allowable thrust on the 35.7 mm diameter high tensile steel push rods. 
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Exceeding that load often results in damage and/or buckling of the test 

rods, either in the rig or in softer upper layers of the soil. Experience 

shows that as long as the pushing thrust is below 10 tons (100 kN) , it is 

rare that any damage occurs to the rods or cone. A thrust capacity of 10 

tons (100 kN) will likely handle more than 95% of cone penetration testing 

to 100 feet (30 m) depth in most uncemented normally consolidated soils 

that do not contain large gravels and boulders. 

Land based rigs are often mounted in heavy duty trucks that are 

ballasted to a total deadweight of around 15 tons (150 kN). Screw anchors 

are used to develop the extra reaction required for a thrust of 20 tons 

(200 kN) . The power for the hydraulic rig is usually supplied from the 

truck engine. A detailed description of a modern cone penetration testing 

vehicle is given by Davidson and Bloomquist (1986). With a double rear 

axle and both rear and front wheel drive, the trucks can operate off the 

road in most terrain conditions. Sometimes all-terrain vehicles are used 

for work in marshy areas or soft fields. 

The load of the hydraulic ram is transferred either by a thrust head 

on top of the test rods or by a clamping system that works by friction on 

the outside of the upper, rod or by a notch cut into the rods. An automatic 

mechanical clamp saves time in the operation as the next rod can be screwed 

on, while the rig is pushing down the previous one. The clamping system 

was first developed for offshore rigs, where it is indispensable. The 

standard cone rods have special tapered threads and are 1 meter (approxi- 

mately 3.3 feet) in length. Rods are connected hand-tight and wrenches are 

rarely needed during disassembly. The enclosure of a truck provides ideal 

space for the installation of all electronic equipment for depth recording 
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and read out.  In hot humid climates the truck should be air conditioned 

for the comfort of personnel and preservation of electronics. 

The penetrometer rig can also be placed on a light trailer equipped 

with earth anchors. A high production truck mounted rig can produce up to 

800 feet (250 meters) of penetration testing in one day, as compared to 

about A00 feet (120 meters) for a trailer mounted rig, both under 

favourable site conditions. The most time consuming part of the trailer 

mounted operation is the setting of screw anchors which are usually 

required to provide additional reaction because of the lack of deadweight. 

An intermediate solution is to mount the rig on a heavy trailer or heavy 

duty pick-up truck frame which can be ballasted. CPT can also be performed 

using standard drill rigs, as is currently being done by PennDOT, but 

pushing capacity is often limited to about 5 tons without anchors. Use of 

a drill rig has the added advantage of improved cost and flexibility. 

Hogentogler & Co. can supply all types of pushing equipment including those 

mounted on heavy trucks and lighter pick-up trucks, drill rig conversions 

and portable equipment. 

A friction reducer or expanded coupling is used at distances from 

1 foot to 3 feet (30 cm to 100 cm) behind the cone tip. The purpose of the 

friction reducer is to expand the diameter of the hole to reduce soil 

contact against the cone rods and thus reduce rod friction behind the 

friction reducer at the expense of increased bearing and friction forces 

locally around the reducer. Also, experience suggests that the further 

back the friction reducer is from the tip, the better are chances of 

maintaining a vertically aligned hole but this is at the expense of 

increased friction force in front of the friction reducer. 

\    • i V 
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It has been found that a 2 inch (50 ram) long, high strength steel tube 

of 1.75 inch O.D. slipped over the cone rod with ends welded and machined 

to a 30° chamfer works well in most soils. 

Many cone operators prefer to use four steel blocks about 5 to 10 mm 

square welded and evenly spaced around the standard cone rod. This 

technique tends to break up and slightly push the soil to reduce subsequent 

friction on the rod, but it does not appear to be as effective as a 

complete sleeve. 

A 20 ton (200 kN) thrust will normally result in penetration depths of 

150 to 200 feet (50 to 60 meters) in dense to medium dense sands and stiff 

clays. In weaker soils penetration to depths in excess of 100 meters may 

be achieved provided verticality is maintained. Gravel layers and boulders 

ox heavily cemented zones can of course restrict the penetrations severely 

and deflect and damage cones and rods. 

To reduce the pushing force required for cone penetration, a system 

has been developed (Jefferies and Funegard, 1983) where a natural or 

polymer drilling mud is pumped down the inside of the cone rods and is 

injected into the soil at a steady flowrate of about 0.2 gallons/min. (1 

litre/min.) from several injection ports located approximately 5 feet (1.5 

m) behind the tip and immediately behind the friction reducer. The mud 

holds the soil off the cone rods thus minimizing friction. Trials have 

shown that the pushing force can be reduced by up to 50%. This has enabled 

CPT work to be performed using a standard drill rig with about 5 ton (50 

kN) effective thrust. Hogentogler & Co. have provided mud pumping systems 

for standard electronic cone systems to reduce pushing force requirements. 
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Standard Dutch Type cone rods of 20 ton capacity (high strength steel) 

are recommended for all cone soundings unless special requirements exist. 

The standard cone rods are the same diameter as the base of the tip and 

sleeve, measure 1 meter in length, have tapered threads and are assembled 

and dismantled by hand. Some operators prefer to use the locally available 

drill rods in longer lengths. Although it is more convenient and 

economical to use these, they do not have the capacity and buckling 

resistance. However, with reduced pushing forces of 5 - 10 tons as with 

drill rigs, the use of local drill rods can work well. 

2.2.2. Over Water 

Modification of the standard techniques on land is necessary for cone 

testing over water and/or offshore. CPT work offshore can be divided into 

two main groups: 

a) Shallow water (Depth < 100 feet (30 m) approx.) 

b) Deep water (Depth > 100 feet (30 m) approx.) 

For shallow-water CPT work, where the water depth is less than about 

100 feet (30 m), equipment and procedures are similar to onshore CPT work. 

A ship or barge is often used as a platform and a dual casing used for 

lateral support of the cone rods. An anchored barge must have a heave 

compensation system to prevent cyclic loading during swells and wave 

action. If the water depth is shallow, a free-standing platform or jack-up 

barge resting on the seabed is very desirable and free of wave action. 

A combination free standing platform (large heavy casing with inner 

cone rod casing founded on the seabed) and floating barge often provide the 

most economical solution in shallow waters.  The free standing casing 
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protrudes through the anchored barge with penetrometer mounted on the 

"stable" casing. 

For deeper offshore CPT work special equipment is needed which can be 

divided into two categories: 

1) Seabed bottom rigs and 

2) Downhole penetrometers. 

Full details of these can be found in Zuidberg (1975) and Semple and 

Johnson (1979). 

2.3. Test Procedures 

2.3.1. General Comments 

Efficient field operations with electronic cone testing requires well- 

skilled operators and adequate technical back-up facilities for calibration 

and maintainance of the equipment. The cones and the data acquisition 

systems including cables and connections need to be regularly checked or 

recalibrated. In the field simple check calibrations and procedures are 

essential after connecting the equipment to ensure that all is functioning 

properly. These checks include measuring the variation of the output of 

the strain gauge load cells over their full operational range to check the 

calibration curve and the non return at zero load. Checks and inspections 

of the equipment are also needed between each sounding or series of 

soundings. Full details of the procedures for the Hogentogler equipment is 

given in the operator's manual (Hogentogler). 

The standard penetration speed for CPT and CPTU testing.is 2 cm/sec 

±.5 cm/sec (see ASTM standard). It is important to obtain measurements of 

this speed to check that the speed control systems are functioning 
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correctly. The use of a solid steel "dummy cone" of 15 cm' area (1.75 in. 

O.D. by 60° apex angle cone tip) is recommended to be pushed first in the 

upper zone (0 to 3 ft) especially if gravel or random fill is suspected. 

2.3.2. Saturation of CPTU 

There are no major differences in field test operations between stand- 

ard CPT testing and CPTU soundings, except those required for the prepara- 

tion of the piezo-element. This preparation usually consists of the 

following operations: 

1) Deairing of porous filter elements. 

2) Deairing of cone, especially with respect to the pressure chamber 

immediately adjacent to the pressure transducer. 

3) Assembling of cone and filter. 

A) Protection of system during handling, if required. 

In the early days of piezocone sounding, it was normal practice to 

deair the filter elements and the cone by boiling the complete system, but 

this proved to affect seriously the life of the cone, and is no longer 

done. 

General preferred practice today is to carefully saturate the filter 

elements in the laboratory by placing them under a high vacuum with 

saturating fluid for approximately 5 to 24 hours. The practice at UBC has 

been to submerge the porous filter elements in warmed (90 to 130oF) 

glycerin in a small ultra-sonic bath under a high vacuum (Use a two stage 

vacuum pump with a water trap). After several hours vibration, the 

glycerin increases in temperature which reduces its viscosity, boils under 

vacuum and improves saturation.  The filter elements are then placed in a 



28 

small glycerin filled container ready for transportation into the field. 

Note that glycerin boils at over 200oC (392°?) at atmospheric pressure 

which will damage porous plastic and is dangerously hot to handle. 

The voids in the cone itself should be deaired by flushing with a 

suitable fluid from a plastic syringe and hypodermic needle. It is 

suggested that all piezometer cone designs should be made such that 

flushing the void within the cone tip can be performed with a hypodermic. 

The cone can be held with tip pointing upward and fitted with a cut-off 

large plastic funnel sealing around the friction sleeve. The entire tip is 

submerged in the saturating fluid during piezometer and tip assembly. Good 

results have been obtained when glycerine is used to fill the void space. 

The next step after cone preparation and assembly is the lowering of 

the string of cone rods. A thin protective rubber sleeve is sometimes 

placed over the cone. To avoid premature rupture of the rubber sleeve, a 

small hole is pushed with a "dummy cone" of a larger diameter (approx. 

A4 mm O.D.) than the piezocone. Sometimes a hand dug or a predrilled hole 

is made depending on circumstances and soil-stratigraphy. Predrilling is 

not always necessary if the filter element and saturating fluid develop a 

high air entry value to prevent loss of saturation. However, in some clay 

soils suctions can be very large and predrilling may be necessary. The 

entire saturation procedure should be repeated after each sounding, 

including a change of the filter element. If undamaged, the filter 

elements can be reused after being resaturated in the ultrasonic vacuum 

bath. 
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2.3.3. CPTU Dissipation Test Procedures 

During a pause in the penetration any excess pore pressures measured 

on the cone will start to dissipate. The rate of dissipation depends upon 

the coefficient of consolidation which, in turn, depends on the compressi- 

bility and permeability of the soil. 

A dissipation test can be performed easily at any depth. In the 

dissipation test the rate of dissipation of excess pore pressure to a 

certain percentage of the equilibrium pore pressure is measured. At the 

depth at which a dissipation test is needed the penetration is stopped. 

If the cone rods are clamped when penetration is stopped that theore- 

tically stops the movement of the cone rods instantaneously. However, in 

practice the cone will continue to move very slightly as the elastic strain 

energy in the rods causes the soil in front of the cone and around the rods 

to be displaced. The longer the cone rods or the deeper the penetration, 

the greater the tendency for the soil to creep, and the more significant 

this movement may be. This movement alters the total stresses in the soil 

around the conical tip and can influence the measured decay of pore 

pressure with time. It has been shown (Campanella et al, 1983) that this 

effect is only significant with the piezo element on the face of the cone 

tip. With the piezo element behind the tip (as in the current PennDOT 

equipment) it is not necessary to clamp the rods and it is standard 

procedure to completely release the load on the rod during pore pressure 

dissipation measurements. 

Sometimes a fixed period of dissipation for all soil layers is used 

and sometimes dissipation is continued to a predetermined percentage of the 

hydrostatic or equilibrium pore pressure; for example, 50%. 
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The pore pressure is recorded in a time base mode and the measurement 

of equilibrium pressures provides important hydro-geologic information. 

2.4. Data Acquisition and Processing 

The electronic penetrometer produces continuous data that requires 

relatively complex data collection and processing. The signals are usually 

transmitted via a cable prethreaded down the standard push rods. 

Modern systems have evolved to include analog to digital (A/D) 

converters so that the analog signals can be directly converted to digital 

form for data logging (de Ruiter, 1982). The digital data is incremental 

in nature, typically recording all channels every 5 cm in depth. Data is 

stored on magnetic tape, bubble or floppy diskette for future transfer of 

data to an office computer and plotter. Printers and plotters can also be 

used in the field with microprocessors to calculate, print and plot data, 

such as friction ratio, immediately after completion of or during a cone 

sounding. A modern system such as described above is currently in use by 

PennDOT. 

Recent advances in data acquisition systems have been made possible 

because of rapid advances in silicon chip technology. It is now possible 

to condition and amplify the signals in the cone before transmission. This 

provides a larger signal for transmission which is less susceptible to 

interference. The decreased cost of electronic components has also made it 

possible to digitize the data in the cone and thus transmit a clear 

digitized signal. This enables considerably more channels to be recorded 

with a minimum number of wires within the cable. 

Clearly the future designs of cones and data acquisition systems will 

make more use of electronic components to amplify and digitize the signals 
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within the cone before transmission to the ground surface. This will 

enable considerably more channels to be recorded with a high degree of 

resolution. 

With increasing numbers of channels required for other measurements, 

such as pore pressure and inclination, the data processing and presentation 

becomes more complex. The field or office computers require flexibility in 

software to enable a variety of calculations to be performed to produce 

profiles that correlate various parameters, such as pore pressure and cone 

bearing. 

2.5. Calibration 

All calibrations should be done using reference type load cells 

(superior zero stability and linearity with little hysteresis) and a dead 

weight tester or pressure reference transducer. Calibrations should be 

done with all O-rings and dirt seals in place in the cone as they would be 

during penetration. 

After all transducers have been loaded to capacity approximately 20 

times the calibration procedure should be set up to measure and record all 

channels (i.e., cross-talk effects). For example, when the tip is loaded 

to reference values to establish the calibration curve of output versus 

load, each of the other measurement channels should be read and recorded at 

each tip load. By so doing mechanical load transfer error, which should be 

a minimum, can be evaluated for each channel. 

The pore pressure calibration should be done with a pressure chamber 

which completely encloses the cone and is sealed at a point above the 

friction sleeve.  Measurement of the tip stress and friction sleeve stress 
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at applied pore pressures will allow direct determination of unequal end 

area effects and their correction factors as discussed in Section 3.1.1. 

The calibration should evaluate repeatability, non-linearity and 

hysteresis effects to determine the best straight line fit for the data as 

indicated in Section 3.1.4. However, the accuracy can be improved by using 

a 4-point calibration curve of three best fit straight segments for low, 

medium and high range. For example, a 1000 t/ft2 (bar) full scale tip load 

cell might have calibration points at 10, 100 and 1000 t/ft2 as well as 

zero. This 3- segment calibration curve technique is easily handled by a 

computer based acquisition and data reduction system and reduces the error 

due to non- linearity. Zero load error is variable and is determined for 

each sounding by determining the zero load output before and after 

for each sounding. The zero load error during calibration should be 

negligible (less than .05% F.S.). 

For completeness, the effect of temperature on zero load output and on 

calibration factors should be determined by performing calibrations over a 

range in temperature which might correspond to field conditions. The 

effect of temperature variations can be minimized in the field by pushing 

the cone into the ground about 1 m and leaving it for about 1/2 hr. or more 

while setting up the data system. When the test is started, the cone is 

withdrawn to ground surface, zero outputs or baselines are recorded and the 

sounding is started. In this way the cone is brought to ground temperature 

before starting the test. However, it might be easier to plunge the cone 

into a bucket of water which is near ground temperature for about 15-30 

minutes immediately before a sounding. 
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2.6. Maintenance 

The cone and friction sleeve should be checked for no obvious damage 

or wear at the start of each sounding. Frequent checks should be made to 

ensure that the cone dimensions do not exceed the tolerances set out in the 

ASTM standard (Appendix 1). 

Before each test, the seals between different elements should be 

cleaned and inspected to ensure their integrity. After each sounding, it 

is good procedure to clean and inspect the cone and seals. Soil should be 

removed from all seals and the cone cleaned before and after each 

sounding. 

Electric cones provide more accurate and repeatable results than 

mechanical tips, but they are subject to zero-load errors and calibration 

errors, both of which tend to change during testing. The zero load error 

should be checked by observing the zero-load output (or baselines) 

before and after each test, and recording the values on the data 

output. 

The load measurement systems should be calibrated at intervals not 

exceeding three months, and more frequently when the equipment is in use 

continuously, and after every overhaul or repair. Details of calibration 

procedures are given in Section 2.5. 

To avoid disturbed ground, a CPT sounding should not be performed 

within a distance from a borehole less than 25 times the borehole diameter, 

nor within one meter (3 feet) of a previously performed CPT. 
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3.  DATA REDUCTION 

3.1. Factors Affecting CPT and CPTU Measurements 

Because of the wide variety in cone designs, it is not possible within 

the scope of this manual to discuss in detail all the factors that affect 

the measured results. However, several significant aspects that pertain to 

almost all cone designs will be discussed. The reader is encouraged to 

investigate the details of the particular cone design being used before 

performing detailed interpretation of the data. 

3.1.1. Unequal Area Effects 

Water pressures can act on the exposed surfaces behind the cone tip 

and on the ends of the friction sleeve (see Fig. 3.1). These water forces 

result in measured tip resistance (q ) and sleeve friction (f ) values that 
^- s 

do not represent true total stress resistances of the soil.  This error 

introduced in the measurement can be overcome by correcting the measured q 
c 

for unequal pore pressure effects using the following relationship (Baligh 

et al, 1981; Campanella et al, 1982): 

qT = qc + u (1 - a) (3.1) 

where: 

qT = corrected total tip resistance 

u = pore pressure generated immediately behind the cone tip 

a = net area ratio = K^/K.  (see Fig. 3.1) 
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An example of the determination of the net area ratio using a simple 

calibration vessel is shown in Fig. 3.2. The calibration vessel is 

designed to contain the cone and to apply an all around air or water 

pressure. Many cones have values of net area ratio ranging from 0.90 to 

0.60, but sometimes this ratio may be as slow as 0.38 (see Fig. 3.2). This 

correction for bearing area cannot be eliminated except with a unitized, 

jointless cone design. 

The importance of this correction is especially significant in soft 

clays, where high values of pore pressure and low cone resistance may lead 

to the physically incorrect situation of u > q . 

Also, previous correlations developed to obtain soil properties, such 

as undrained shear strength (s ), from q measurements incorporate system- 

atic errors, depending on cone design. 

A similar correction is required for sleeve friction data. However, 

information is required of the pore pressures at both ends of the friction 

sleeve. The importance of the sleeve friction correction can be signifi- 

cantly reduced using a cone design with an equal end area friction sleeve. 

Several cone operators and researchers who use cones that record the 

pore pressure on the face of the cone tip have suggested correction factors 

to convert the measured pore pressures on the face .to those that are 

assumed to exist immediately behind the tip. The assumed ratio of the pore 

pressure on the face to the pore pressure behind the tip is generally taken 

to be about 1.2 (i.e., the pore pressure on the face is assumed to be 20% 

larger than that immediately behind the tip). Measurements (Campanella et 

al, 1985; Jamiolkowski et al, 1985; Lunne et al, 1986) have shown that the 
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ratio of 1.2 is generally only true for soft, normally consolidated clays. 

In stiff, overconsolidated, cemented or sensitive clays, the pore pressure 

on the face of the tip can be many times larger than that immediately 

behind the tip. Therefore, to correct the cone bearing to qT, the pore 

pressure must be measured behind the tip. 

Soil ingress may change the net area ratios somewhat during field 

testing. Also, the distribution of pore pressure around the cone varies 

such that a simple net area ratio is not always correct, especially for a 

bulbous cone. But these problems tend to be rather minor since the 

corrections are usually most important in soft cohesive soils where the 

variation in pore pressures around the cone are generally small. The 

potential error due to these problems are significantly less than the error 

if no correction is applied. 

A detailed discussion regarding cone design is given by Schaap and 

Zuidberg (1982). 

3.1.2. Piezometer Location, Size and Saturation 

The measured pore pressures during piezometer cone testing (CPTU) 

depends very much on the piezometer element location, Tavenas et al 

(1981), Campanella et al (1982). In normally consolidated soft clays and 

silts pore pressures measured on the face of the tip are generally 10-20 

percent larger than those measured immediately behind the tip. In over- 

consolidated clays and silts, and fine sands pore pressures on the face of 

the tip tend to be large and positive whereas pore pressures measured 

immediately behind the tip may be considerably smaller and possibly 

negative. 



39 

The choice of pore pressure element location is very important with 

regard to data interpretation. The two main areas at present for measuring 

pore pressures are either, 

i) on the cone face, 

or ii) immediately behind the cone tip. 

Data collected at several different sites with the pore pressure 

element located behind the tip and on the face of the tip is shown on 

Fig. 3.3. In normally consolidated insensitive clays and silts, pore 

pressures measured on the face are often approximately three times larger 

than the equilibrium pore pressure (u ) and about 20% larger than pore 

pressures measured immediately behind the tip. As the overconsolidation 

ratio increases in clays and silts, the pore pressure on the face 

increases. This is due to the increased cone end bearing which causes 

larger normal stresses on the face in overconsolidated soils. 

No single location can provide information for all applications of 

pore pressure interpretation. However, a convincing argument can be made 

to standardize the location behind the tip to provide a wide range of 

applications but yet maintain a practical location for saturation and 

protection. 

The following is a list of advantages of having the pore pressure 

element located immediately behind the cone tip: 

1) Porous element is much less subject to damage and abrasion; 

2) Measurements are less influenced by element compressibility; 

3) Position is appropriate for correction due to unequal end areas; 

4) Good stratigraphic detail is still possible. 
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In general, no single location can provide information for all appli- 

cations of pore pressure interpretation. It is recommended that the 

overall cone design should be such that the porous element location can be 

changed in the field to allow soundings to be carried out to obtain 

specific pore pressure data. Alternatively, a cone could be used with 

piezometer elements both in the tip and behind the friction sleeve. 

However, saturation of the piezometer element behind the tip can become 

difficult unless the cone is designed carefully. All pore pressure 

measurements from cone testing must clearly identify the location and size 

of the sensing element. 

The size of the porous element also influences the measured pore 

pressures, although little data is available to quantify the importance of 

this factor. If a porous element is located immediately at the shoulder of 

the cone tip, it is prone to damage and wear and is in an area of large 

stress gradients. 

It has been observed that for thin pore pressure elements located 

immediately behind the tip, very small pore pressures (less than u ) have 
o 

been recorded. These pore pressures have sometimes been smaller than those 

recorded with thicker elements located in the same position. It is 

believed that thin pore pressure elements can sometimes measure low pore 

pressures due to a shadow effect from a cone tip slightly larger in 

diameter. Thus, the O.D. of the cone tip should be identical or less than 

the O.D. of the porous element and friction sleeve by about 0.25 mm. 

Complete saturation of the piezometer element in CPTU is essential. 

Pore pressure response can be inaccurate and sluggish for poorly saturated 

piezocone systems.  Both maximum pore pressures and dissipation times can 
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be seriously affected by air entrapment. Response to penetration pore 

pressures can be significantly affected by entrapped air within the sensing 

element, especially in soft, low permeability soils. 

Saturation of the piezometer element and cavity are especially 

important for shallow onshore soundings where equilibrium water pressure is 

small. Once significant penetration below the water table has been 

achieved, the resulting equilibrium water pressure is often sufficient to 

ensure saturation. 

3.1.3. Temperature Effects 

The load cells and pressure transducers within the cone are often 

temperature dependent and are almost always calibrated at room or air 

temperature. However, soil and groundwater are often considerably cooler 

than the calibration temperature and a shift in the zero can occur for both 

load cells and pressure transducer during penetration. For cone testing in 

dry sand, considerable heat can be generated during penetration. These 

changes• in temperature have little consequence for cone testing in sand 

where measurements are usually large. However, the zero shift can be 

significant in very soft or loose soils. A temperature zero shift can make 

friction measurements very unreliable especially with subtraction type 

cones where the zero shift may be different for each load cell. Good 

temperature compensation can limit the variation to about 0.05% of full 

scale output over the normal expected temperature range. 

Cones that use amplifiers within the cone can also suffer, temperature 

shifts if the amplifiers are not temperature compensated. If the tempera- 

ture of the cones is continuously monitored and temperature zero shift 

calibrations obtained, it is possible to correct all data as a function of 
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temperature. These corrections are easily accommodated in a computer based 

acquisition system. 

If temperature is not monitored, an alternate procedure is to allow 

the cone to reach equilibrium with the groundwater temperature before 

taking the initial zero readings (before penetration). Zero load readings 

should also be taken immediately after penetration. 

3.1.A. Accuracy of Measurements 

A detailed discussion on accuracy, calibration and performance of 

electronic cones is given by Schaap and Zuidberg (1982). 

Electronic cones provide significantly better accuracy and repeat- 

ability than the mechanical cones. However, there are some aspects 

concerning electronic cone design that influence the accuracy of the 

measurements. The two main errors related to the design of the load cells 

are: 

i)  Calibration error 

ii)  Zero load error 

An illustration of these terms is given in Fig. 3.4, which is a graph of 

loading and unloading for a load cell. 

Studies have shown that the major factor that contributes to changes 

in calibration error is soil ingress along the joints in the cone. 

However, this can be significantly reduced by regular inspections and main- 

tenance. Also, the time between calibrations should be kept to a minimum. 

To assist in this latter part, a simple calibration loading device should 

be included in the field equipment to allow frequent field calibration 

checks'. 
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To reduce the hysteresis in the calibration curve, the cone should be 

loaded at least 20 times to its full capacity before performing the 

calibration. 

The non-linearity of the calibration curve can become very important 

when testing in very soft soils. In some cases, a different calibration 

line should be used for different load levels. 

If the output at zero load is measured before and after a test, the 

zero load error can be measured. In general, the zero load error is a 

reliable indication of the quality of a test and is the sum of a number of 

possible effects: 

i) Output stability 

ii) Temperature induced apparent load 

iii)  Soil ingress 

iv)  Internal 0-Ring friction (threshold) 

v) Moisture ingress 

vi) Very short duration overload often causes a zero offset error 

vii)  Deflection resulting in bending and local yielding. 

Except for item (i) the zero error can be reduced if proper care is 

taken in the field testing by means of testing and maintenance. 

The zero load conditions should always be displayed on the recorded 

data to enable the engineer to check its variation. The zero load error 

should, in general, not exceed 1/2% to 1% of the full scale output. For 

measurements in soft soils, the error should be considerably less than 1/2% 

of full scale. 

Load cells within penetrometers are generally compensated for tempera- 

ture variations. With good temperature compensation, the output variation 
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can be limited to about 0.05% of full scale output. However, procedures, to 

reduce temperature variation should be used (as discussed in Section. 

3.1.3). 

Unfortunately, little data is published concerning the accuracy of 

other cone designs. In general, however, strain gauge load cells have 

proven to provide better precision than vibrating wire and pressure trans- 

ducer load cells. With careful design and maintenance strain gauge load 

cells can have calibration errors less than 0.4% of full scale output. 

A recent study at NGI (Lunne et al, 1986) has shown that high capacity 

load cell cones can give as repeatable and as accurate results as cones 

with lower load ranges provided the load cells are of a high quality and 

are carefully calibrated in various operation ranges and that attention is 

given to thermal zero shifts. The study at NGI also showed that the 

friction sleeve measurement was the least reliable for cones of different 

design. 

Other factors that affect the accuracy of the measurements are related 

to the methods of calibration, data acquisition and processing. These were 

discussed more fully in Chapter 2. 

The tolerance in machining the standard friction cone is such that the 

difference in diameter between the tip and the sleeve can be up to 0.010 

inches (0.25 ram). This combined with wear during usage often results in 

significant differences in diameter between the tip and sleeve. It has 

been found that variations in diameters between the tip and sleeve can 

result in significant differences in measured friction values. This varia- 

tion can be reduced by careful machining during construction and regular 

tolerance checks during the life of the cone.  The O.D. of the cone tip 
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should be identical or less than the O.D. of the friction sleeve by about 

0.010 inches (0.25 ram). ASTM D3441 allows up to 0.024 in. (0.5 ram) less. 

3.1.4.1. Negative Friction Sleeve Measurements 

Since it is physically not possible for the friction sleeve stress to 

be negative, measurements of negative friction are due to inaccuracies or 

errors caused by one or more of the following: 

1. Negative zero load offset resulting from a temperature change 

2. Side loading against the friction sleeve 

3. Unequal end area of friction sleeve in soils with very high porewater 

pressure 

4. Lack of accuracy of the load cell at very small readings (less than 

.05%). 

Negative zero load offset due to a temperature change is most often 

the cause of negative frictions. Such temperature effects are dominant 

because of the very small value of friction but can be corrected if the 

temperature is monitored and the procedures given in Section 3.1.3 are 

followed. 

Side loading against the friction sleeve can cause negative readings 

and this effect can be reduced with eight strain gauges placed symme- 

trically around the load cell to cancel out or reduce side load effects as 

is done in Hogentogler's current designs. 

Unequal end area effects can be reduced and essentially eliminated 

with the modern designs which have equal end area friction .sleeves like 

those made by Hogentogler & Co. 

Lack of accuracy is always a problem since a very small reading can 

either be plus or negative and these are often accompanied by very small 
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bearing values.  This gives rise to rather large 'negative* values of 

friction ratio which would go unnoticed if they were positive. 

When negative friction values appear it is important to isolate the 

cause and adjust your procedures. Negative frictions are rarely associated 

with tests in sands but often occur in very low bearing clays which 

generate high pore pressures. Data files containing negative frictions 

should be edited and adjusted after the cause is identified. There is 

little engineering difference between a very small negative or very small 

positive friction except that the negative value is very evident especially 

when plotted. The essential feature to realize is not the "negative" value 

but the "very small value" of friction which is often less than the 

accuracy of the instrument. Modern cone designs and test procedures can 

virtually eliminate the occurrence of apparent negative friction sleeve 

measurements. 

3.1.5. Inclination 

Most electronic cones today have simple slope sensors incorporated in 

the design to enable a measure of the non-verticality of the sounding (de 

Ruiter, 1982). This is particularly useful for very deep soundings where 

eventual tip inclinations in excess of 45° are not uncommon especially in 

stratified soil. The maximum depth for which a slope sensor can be omitted 

depends on the acceptable error in recorded depth provided obstructions do 

not exist. However, for most CPT work the maximum depth without a slope 

sensor, for which negligible error in recorded depth can be assumed, is 

about 15 m (Van de Graaf and Jekel, 1982). All Hogentogler and Co. 

electronic cones contain slope sensors. 
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Experience suggests that once a cone tip is deflected, it continues 

along a path with a relatively consistent radius of curvature. The stand- 

ard equipment tends to accept about 1° of deflection per meter length 

without noticeable damage. A sudden deflection in excess of 5° over one 

meter or less may cause damage to the cone and rods from bending, which is 

not apparent to the operator, and penetration should be ceased. 

3.1.6. Friction-Bearing Offset 

The  center  of  the  friction  sleeve  is  approximately A inches   (10 cm). 

behind the  cone  tip.     To  calculate  the  friction ratio  (R ),  the average 

friction resistance   (f  )   and bearing resistance  (q )  are compared at the 
s c 

same depth. This usually involves an offset of the friction resistance by 

the physical distance of A inches (10 cm). However, the bearing resistance 

is affected by the soil ahead of the tip, whereas, the friction is only 

affected by the soil in direct contact with the friction sleeve. Thus, the 

standard offset distance of A inches (10 cm) may not always produce 

realistic friction ratio plots, especially in heavily interbedded soils and 

in relatively stiff soils where the offset can be considerably more than 

10 cm. In general, however, the standard practice of 10 cm 

friction-bearing offset usually provides adequate friction ratio plots. 

3.1.7. Checks and Recalibration 

Table 3.1 presents a suggested summary of maintenance requirements 

(checks and recalibrations) for CPT and CPTU soundings. This summary can 

be used as a basis for setting up an ongoing maintenance program and check- 

list of procedures which should be established in conjunction with the 
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Item Ref. to 
Section 

FREQUENCY 

At Start 
of CPT 

Program* 

At Start 
of CPT 
Sounding 

At End 
of CPT 
Sounding 

At 
3-monthly 
Intervals 

Verticality of thrust 
machine 

3.1.5 • 

Straightness of push 
rods 

3.1.5 • 

Precision of measure- 
ments 

2.3.1 • • 

Zero load error 
(taking baselines) 

Wear: 
- dimensions of cone, 

friction sleeve 

2.3.1 
2.5 
2.6 
3.1.A 

2.6 • 

• • 

• 

- roughness 3.1.A • • 

Seals: 
- presence of soil 
particles 

2.3.1 • • 

- quality 2.6 • • 

Calibration 
- load cells and 
pressure transducers 

2.5 
3.1.A 

• • 

- unequal end area 3.1.1 • 

- temperature 2.5 
3.1.3 

• 

- pressure gauge 
(Mech. CPT) 

3.1.A • • 

* And regularly during a long testing program. 

TABLE 3.1:  Summary of Checks and Recalibrations for 
CPT and CPTU Soundings 
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manufacturer's operator's manual in order to maintain a high quality of 

cone data. 

3.2. Presentation of Data 

The recommended graphical presentation of CPT data should include the 

following: 

i) measured cone resistance, q  vs. depth 

(where q = bearing force divided by bearing area of 10 sq. cm) 

measured sleeve frictional stress,  f  vs. depth 

(where f  = friction sleeve force divided by surface area of s ' 

sleeve, usually 150 sq. cm.) 

measured pore pressure, u  vs. depth 

ii)  corrected total cone resistance, q- vs. depth 

measured sleeve friction, f  vs. depth 

measured pore pressure, u  vs. depth 

(including equilibrium water pressures, u ). 

Details and definitions of the above terms are given in later sections. 

A range of recomended parameters may also be included in (ii) above as 

follows, 

a) Friction ratio, f /q x 100% or f /q„ x 100% vs. depth. 
s  c S T 

b) Differential pore pressure ratio, — or — and Au/(q - o ) or 
* qc   qT       ^c  vo 

Au/(qT-o  ) vs.  depth where o  = vertical total stress = Ifh, 

and Au = u - u 
o 

or  c) Differential pore pressure ratio, Au/(qT-u ) vs. depth. 

d)  Corrected total cone resistance, qT vs. o'  (in-situ vertical 

effective stress). 
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Any parameter using o  or o' requires additional input data, e.g., soil 

unit weight, (r), or a profile of unit weight with depth. 

3.3. Evaluation of CPT and CPTU Data 

In stiff soils CPT data is generally very reliable. However, in soft 

soils (q <20 t/ft2) the cone resistance may be somewhat less reliable 

due to various factors (see Section 3.1). To evaluate the performance in 

soft soils, the zero load readings (baselines) before and after each 

sounding should be reviewed. The CPT data should be corrected based on the 

change in zero load readings. This can be important in very soft deposits 

where temperature variations can cause zero load readings to change signi- 

fically in relation to the measured values. 

If CPTU data is to be evaluated, the pore pressure data should be 

reviewed to identify; a rapid response and detailed stratigraphy. The pore 

pressure data can be used to further correct the measured q values in soft 
c 

soils (see Section 3.1). 

If dissipation tests have been performed, the response time and 

equilibrium pore pressures should be reviewed to assess the level of 

saturation of the piezocone system. 
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4.   INTERPRETATION OF CPT AND CPTU DATA 

4.1. Factors Affecting Interpretation 

Before analyzing any electric cone data, it is important to realize 

and account for the potential errors that each element of data may contain. 

Significant aspects that pertain to cone designs will be discussed. The 

reader is encouraged to investigate the details of the particular cone 

design before performing detailed interpretation of the data. 

The reader should also be aware of the significant factors regarding 

soil conditions and how these influence the measured cone data and thus the 

interpretation. 

4.1.1. Equipment Design 

Section 3.1 outlined the significant factors regarding cone design 

that influence the measured parameters and therefore the subsequent 

interpretation. The three major areas of cone design that influence inter- 

pretation are: 

1) Unequal Area effects 

2) Piezometer location, size and saturation 

3) Accuracy of measurements 

It is strongly recommended that bearing cones be calibrated for all around 

pressure effects and when possible correct q to q^. The errors associated 

with equipment design are usually only significant for penetration in soft, 

normally consolidated, fine grained soils. Test results in sand are little 

influenced by the above factors, except possibly variations in friction 

sleeve stress, f . 
s 
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4.1.2.  In-situ Stress 

Theoretical models and chamber test studies have shown that the in 

situ radial stress, o' has a dominant effect on the cone resistance, a 

and the friction sleeve stress. Therefore, the soils stress (geologic) 

history is of great importance in CPT interpretation. Unfortunately, there 

is often only qualitative data concerning geologic history and the 

techniques for measuring in-situ radial stresses are not very reliable, 

especially for sands. 

We know that excavation will reduce o' in horizontally adjacent soils. 

Even an open borehole, if closer than about 25 hole diameters may signifi- 

cantly reduce o^.. Both static and vibratory roller compaction or the use 

of compaction (or displacement) piles can greatly increase o1. Vibroflota- 

tion and dynamic compaction can also significantly increase o', but some- 

times in the case of fine sands when using a fine sand vibro- flotation 

backfill, a decrease in o^. may occur. The engineer must consider, at least 

qualitatively, such effects when evaluating CPT data for design. For 

example, an increase in friction ratio is often measured after in situ 

densification due to increased in o' . 
r 

Subsequent sections will show that the relative density correlations 

for sand are significantly influenced by changes in horizontal stresses. 

However, the correlations of friction angle, ($), appear to be much less 

influenced by changes in o1. 

4.1.3. Compressibility, Cementation and Particle Size 

The compressibility of a sand can significantly influence q and f . 

Highly compressible carbonate sands tend to have low q and high friction 
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ratios values. Some carbonate sands have friction ratios as high as 3%, 

whereas, typical incompressible quartz sands have friction ratios of about 

0.5%. The compressibility of sand during cone penetration is also 

influenced by grain crushing. 

Subsequent sections will show that variations of sand compressibility 

have a significant influence on correlations with relative density but a 

smaller influence on correlations with friction angle. 

Cementation between particles reduces compressibility and thereby 

increases  q .  Cementation is always a possibility in-situ and is more 

likely in older soil deposits. When the particle size of a soil penetrated 

becomes a significant fraction of the cone diameter, then q  can increase 

abruptly because of the decreased compressibility due to having to displace 

these particles as rigid units.  This effect tends to produce sharp peaks 

in the q  profile when encountering gravel sized particles. Intersecting 
c 

very large particles can abruptly stop penetration or cause a sudden 

deflection. Penetration through gravelly soils often produces a distinct 

sound up the cone rods. 

A.1.4. Stratigraphy 

Theoretical cavity expansion models and chamber test studies have 

shown that the cone penetration resistance, q , is influenced by an 

interface ahead and behind the tip. The distance over which the cone tip 

senses an interface increases with increasing soil stiffness. Thus, the 

cone tip can respond fully (i.e., q to reach full value within the layer) 

in thin soft layers better than in thin stiff layers. Therefore, care 

should be taken when interpreting cone bearing in a thin sand layer located 
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within a soft clay deposit.  Further discussion of layering effects will be 

given in Section 4.3. 

This effect of layering can also cause scale affects when using cones 

of a larger diameter (i.e., 15 cm2 cone area). The natural variability of 

many sand deposits produces q profiles with many sharp peaks and troughs. 

A comparison of CPT data in sands from 10 cm' and 15 cmJ cones shows that 

the 15 cm2 data will not reproduce the stiff peaks but will reproduce the 

soft troughs. Since the relative layer thickness for full response of q 

is smaller for softer layers, the average q profile tends to be slightly 

lower for the 15 cm2 cone in sands. Generally speaking, however, in 

moderately uniform soil the results of a 15 cm2 cone are essentially the 

same as those for the standard 10 cm2 cone. 

A.1.5. Rate of Penetration 

Rate effects are generally due to pore pressure effects. However, 

rate effects can also be caused to some extent by creep and particle 

crushing. In general, however, the pore pressure effects predominate and 

are of most interest, especially when using the piezometer cone. 

The recommended constant rate of penetration for an electronic static 

cone sounding is 2 cm/sec. The ASTM D3AA1 Standard allows a penetration 

rate of 2-4 ft/min (10-20 ram/s) ±25%. Traditionally cone penetration in 

sands has been considered to be drained and penetration in clays undrained. 

However, for mixed soils such as silts and clayey silts, the drainage 

condition during penetration is not well defined. The drainage condition 

can be approximated from the soil classification chart (Fig. 4.2 in next 

section) or by measuring the rate of dissipation of excess pore pressure in 

a CPTU test. 
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A.2. Soil Classification 

The most comprehensive work on soil classification using electric cone 

penetrometer data was presented by Douglas and Olsen (1981). A copy of 

their proposed soil-behaviour type classification chart is shown in Fig. 

4.1. The chart shows how cone penetration test data has been correlated 

with other soil type indices, such as those provided by the Unified Soil 

Classification System. The correlation was based on extensive data 

collected from areas in California, Oklahoma, Utah, Arizona and Nevada 

(USGS Open-file Report No. 81-284, 1980). 

The complexities of the chart by Douglas and Olsen (1981) make it 

difficult to use. For this reason, Robertson (1985) adapted the chart 

based on the original data plus the UBC experience to produce the simpler 

but somewhat less comprehensive classification chart shown in Fig. 4.2. 

The usual progression of site investigation using the cone penetration 

test (CPT) is to perform the CPT soundings, develop detailed site profiles 

with the soil behaviour type charts (Fig. 4.2), and then selectively sample 

and test to provide any additional information regarding ambiguous classi- 

fications. With local experience this latter step is often not necessary. 

Fig. 4.1 shows how increasing K (i.e. increasing OCR) will increase 

both the cone resistance and friction ratio. For fine grained soils, an 

increase in liquidity index (LI) will produce a decrease in both q and 

Rf. Thus, sensitive soils tend to have low friction ratios. Increasing 

compressibility produces a decrease in cone resistance with an increase in 

friction ratio. Thus, carbonate sands or sands with a high jnica content 

tend to have high friction ratios, and may fall in the sandy silts region. 
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60 

Recent research has illustrated the importance of cone design and the 

effect that water pressures have on the measured bearing and friction due 

to unequal end areas. Thus cones of slightly different designs will give 

different bearing, friction and friction ratios. With proper calibration 

and measurement, the effects of unequal end areas can be corrected. A 

detailed discussion concerning cone design is also given by Schaap and 

Zuidberg (1982). The data used to compile the classification charts (Figs. 

4.1 and A.2) used bearing and friction values that had generally not been 

corrected for pore pressure effects, since, in general, pore pressure 

measurements were not made. Recent data indicates that there is little 

difference between corrected and uncorrected friction ratios for most soil 

types except for those soils that classify in the lower portion of the 

charts (Fig. 4.1). These soils usually generate large positive pore 

pressures during penetration and have very low measured bearing (q <10 

t/fta) and small friction values where corrections become very significant. 

These soils also tend to have high liquidity index values, as noted by 

Douglas and Olsen (1981). Most standard electronic cone data (CPT) does 

not include pore pressure measurements and the measured bearing and 

friction values are therefore not corrected for pore pressure effects. For 

this type of data the charts in Figs. 4.1 and 4.2 can be used directly to 

provide a reasonable estimate of soil type. If pore pressure measurements 

are included and the necessary corrections applied to the data, Figs. 4.1 

and 4.2 should be used with caution, especially for soft saturated soils, 

and should always be adjusted to reflect local experience. 

The measurement of sleeve friction is sometimes less accurate and 

reliable than the tip resistance.  Also cones of different designs will 
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often produce variable friction sleeve measurements. This can be caused by 

variations in mechanical and electrical design features of the friction 

sleeve as well as unequal end areas. 

To overcome the problems associated with sleeve friction measurements, 

several classification charts have been proposed based on q_ and pore 

pressures (Jones and Rust, 1982; Baligh et al, 1980; Senneset and Janbu, 

1984). The chart by Senneset and Janbu (1984) uses the pore pressure para- 

meter ratio, B , defined as; 
q 

B =-^  (4.1) 
*  qT " 0vo 

where Au = excess pore pressure, measured behind the tip, 

qT = cone resistance corrected for pore pressure effects, 

o  = total overburden stress, 
vo 

The original chart by Senneset and Janbu (1984) uses q . However, it 

is generally agreed that the chart and B should use the corrected cone 

bearing, qT. The correction is usually only significant in soft, fine 

grained soils where q can be small and Au can be very large. 

The authors have found from their experience that it is not always 

possible to clearly identify a soil type based solely on the q_ and Au 

data. Sometimes changes in the friction ratio have been able to more 

clearly define changes in soil type. Therefore, the authors recommend and 

use all three pieces of data (qT, u, fs) in the form of qT, B and Rf to 
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define soil behaviour type. A first attempt at defining such a system is 

shown in Fig. A.3. Note that the pore pressure is measured immediately 

behind the cone tip. 

The charts in Figs. 4.1, A.2 and A.3 are global in nature and should 

only be used as a guide to define soil behaviour type based on CPTU data. 

Factors such as changes in, stress history, sensitivity, stiffness and void 

ratio will influence the classification using either the R^ or the B 
f     q 

chart. Occasionally soils will fall within different zones on each chart, 

in these cases judgement is required to correctly classify the soil 

behaviour type. Often the rate and manner in which the excess pore 

pressures dissipate during a pause in the cone penetration will aid in the 

classification. For example, a soil may have the following CPTU 

parameters; qT = 10 t/ft
2, R = 4%, B = 0.1. It would classify as a clay 

on the Rf chart and as a clayey silt to silty clay on the B chart. 

However, if the rate of pore pressure dissipation were very slow this would 

add confidence to the. classification of a clay. If the dissipation were 

rapid (tj0 < 60 sees) the soil may be more like a clayey silt or possibly a 

clayey sand. The manner of the dissipation can also be important. In 

stiff, overconsolidated clay soils, the pore pressure behind the tip can be 

very low in comparison to the high pore pressures on the face. When 

penetration is stopped, pore pressures recorded immediately behind the tip 

may initially rise before dropping to the equilibrium pressure. The rise 

can be caused by local equilization of the high pore pressures on the 

nearby cone face, although poor saturation can also cause a similar 

response. 
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A further problem associated with existing CPT classification charts 

is that soils can gradually change in their apparent classification as cone 

penetration increases in depth. This is due to the fact that q_, u and f 
T       s 

all tend to increase with increasing overburden pressure. For example, in 

a thick deposit of normally consolidated clay, the cone bearing will 

increase linearly with depth resulting in an apparent change in CPT classi- 

fication. Existing classification charts are based predominantly on data 

obtained from CPT profiles extending to a depth of less than 100 ft (30 m). 

Therefore, for CPT data obtained at depths significantly greater than 30 m 

some error can be expected when using the standard global CPT classifica- 

tion charts. 

Attempts have been made to account for this by normalizing the cone 

data with the effective overburden stress, o1 (Robertson and Campanella, 

1985; Olsen, 1984; Douglas et al, 1985). However, it is not clear how CPT 

data in general should be' normalized. Olsen and Farr (1986) use different 

normalization methods for different soil types, but this produces a some- 

what complex iterative interpretation that requires a computer program. 

In theory, any normalization to account for increasing stress should 

also account for changes in horizontal stresses. This could be achieved by 

using a parameter such as the mean or octahedral stress, o' = - (o!+ol+ol), 
m      3       12    3 

where o'   = ^ o'     (1 + 2K ) (4.2) m      3    vo o 

However,   at   present,   this   has   little   practical   benefit   without   a   prior 

knowledge  of  the  in-situ horizontal  stresses   (K  ) .    Even normalization o 
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using only vertical effective stress requires some input of soil unit 

weights and ground water conditions. 

Normalization of the CPT data would avoid some of the problems associ- 

ated with variations in qT with soil strength. At present, a very loose 

clean sand may be classified as a sandy silt to silty sand because of the 

low qT. 

Until a consistent method for normalization is adopted, the authors 

use and recommend the charts shown in Figs. A.2 and A.3. However, some 

caution is suggested if the cone data extends beyond a depth of about 

100 ft (30 m) below existing ground surface. 

It is often important to realize that the classification charts are 

generalized global charts that provide a guide to soil behaviour type. The 

charts cannot be expected to provide accurate prediction of soil type for 

all soil conditions. However, in specific geological areas, the charts can 

be adjusted for local experience to provide excellent local correlations. 

A.3. Stratigraphic Logging 

The cone penetration tip resistance is influenced by the soil proper- 

ties ahead and behind the tip. Chamber studies (Schmertmann, 1978a, Tread- 

well, 1975) show that the tip senses an interface between 5 to 10 cone 

diameters ahead and behind. The distance over which the cone tip senses an 

interface increases with increasing soil stiffness. For interbedded 

deposits, the thinnest stiff layer the cone bearing can respond fully (i.e. 

q  to reach full value within the layer) is about 10 to 20 diameters.  For 
c 

the standard 10 cmJ electric cone, the minimum stiff layer thickness to 

ensure full tip resistance is therefore between 1A inches to 28 inches 
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(36 cm to 72 cm). The tip will however, respond fully for soft layers 

considerably thinner than 14 inches (36 cm) in thickness. Since the cone 

tip is advanced continuously, the tip resistance will sense much thinner 

stiff layers, but not fully. This has significant implications when inter- 

preting cone bearing, for example, for relative density determination in 

sand. If a sand layer is less than about 28 inches (70 cm) thick and 

located between, say, two soft clay deposits, the cone penetration 

resistance may not reach its full value within the sand because of the 

close proximity of the adjacent interfaces. Thus, the relative density in 

the sand may be severely underestimated. 

The continuous monitoring of pore pressures during cone penetration 

can significantly improve the identification of soil stratigraphy (Carapa- 

nella et al, 1983). The pore pressure develops in response to the soil 

type being penetrated in the immediate area of the pore pressure sensing 

element. To aid in the identification of very thin silt or sand layers 

within clay deposits, some researchers (Torstensson, 1982) have proposed 

and successfully used thin (2.5 mm) pore pressure elements located 

immediately behind the cone tip. For a pore pressure sensing element 

behind the tip, sands give very low or negative pore pressures while clays 

are very high. Dilative silts also give low or negative pore pressures 

while contractive silts give high positive pore pressures. 

The frequency response of a fully saturated piezometer cone is usually 

fast enough to observe changes in pore pressure with a period of 0.25 

seconds or less. This corresponds to layer thickness of about 0.2 inches 

(5 mm) or less at the standard penetration rate of 2 cm/sec. Whether or 

not such thin layers are observed in practice depends on the response of 

the soil to the advancing cone and the depth interval of data recording. 
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For thin sand layers within a body of clay the drainage characteristics of 

the sand become very important. 

A.4. Drained Soil 

A.A.I. Relative Density (D ) 

For cohesionless soils the density, or more commonly the relative 

density, is often used as an intermediate soil parameter. Recent research 

has shown that the stress-strain and strength behaviour of cohesionless 

soils is too complex to be represented solely by the relative density of 

the soil. Several papers in ASTM (1973) have discussed difficulties asso- 

ciated with determination of maximum, minimum and in-situ densities as 

well as problems in correlating relative density with measured soil pro- 

perties. However, because many engineers continue to use relative density 

as a guide in design some discussion is given here on recent work relating 

cone penetration resistance to soil relative density. 

Recent work in large calibration chambers (Veismanis, 197A, Chapman 

and Donald, 1981, Baldi et al, 1981, Parkin et al, 1980 and Villet and 

Mitchell, 1981) has provided numerous correlations of cone resistance (q ) 
c 

with soil relative density (D ). Most of these works have also shown that 

no single unique relationship exists between relative density, in-situ 

effective stress and cone resistance for all sands. 

It is not surprising that no unique relationship exists between cone 

resistance, in-situ effective stress and relative density since other 

factors such as soil compressibility also influence cone resistance. 

A review of the numerous calibration chamber tests performed on a 

variety of different sands shows a significant range of D versus q 

relationships.  However, all the chamber test results show that the curves 
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are all  similar in shape and most show that the cone resistance can be more 

uniquely   related   to   relative   density,    for   any   given   sand,   if   correlated 

with   the   in-situ  initial  horizontal  effective  stress   (o'   ).     If  the 
ho 

horizontal effective stress is used the relationship can be expected to 

apply to both normally and overconsolidated sand. Fig. 4.A shows a 

comparison between the curves proposed by Schmertmann (1978b), Villet and 

Mitchell, (1981) and Baldi et al (1981) for two levels of relative density. 

All the curves have been corrected for chamber size. Details of the sands 

used in the calibration chamber studies are given in Table 4.1. 

The calibration test data (Fig. 4.4) shows the importance of sand 

compressibility. The curves by Schmertmann (1978b) represent the results 

of tests on Hilton Mines sand, which is a relatively compressible quartz, 

feldspar, mica mixture with angular grains. The curves by Villet and 

Mitchell (1981) represent results on Monterey Sand which is a relatively 

incompressible quartz sand with subrounded particles. Schmertmann (1978b) 

also performed tests on Ottawa sand, which is also an incompressible quartz 

sand with rounded particles, and obtained curves almost identical to those 

of Villet and Mitchell (1981). Thus, it appears that sands with a low 

compressibility have a D - q relationship similar to that shown by Villet 

and Mitchell (1981) and sands with a high compressibility have a relation- 

ship similar to that shown by Schmertmann (1978b). The sand used by Baldi 

et al (1981) (Ticino Sand) was a quartz, feldspar, mica mixture with 

subangular particles. The Ticino Sand appears to have a moderate com- 

pressibility somewhere between the two extremes of Hilton Mines and 

Monterey Sand. Figure 4.5 illustrates the range of D - q relationships 

for most of the sands tested in calibration chambers. (Note: D,, is used 

in some of the figures in place of D .) 
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TJft^o Torino 

• 

Sand 
Mama Mineralogy Shape 

Gradation 
(mm) 

Porosity 

D60' D10 "max "min 

Baldi et al., 
(1981, 1982) 

Ticino Mainly quartz 
5%* mica 

Subangular 
to angular 

0.65 . 0.40 "' 0.50 0.41 

Villet & Mitchell 
(1981) 

Monterey Mainly quartz 
some feldspar 

Subrounded 
to subangular 

0.40 0.25 0.45 0.36 

Schmertmann 
(1978b) 

....  " _.... _ 

Ottawa 
#90 

Hilton 
mines 

quartz Rounded 

Angular 

0.24 

0.30 

0.13 

0.15 

0.44 0.33 

quartz + mica 
+ feldspar 

0.44 0.30 

Parkin et al 
(1980) 

Hokksund 35% quartz 
45% feldspar 
10%* mica 

Rounded to 
subangular 

0.5 0.27 0.48 0.36 

Veisraanis 
(1974) 

•t 

Edgar 

Ottawa 

Mainly quartz 

Quartz 

Subangular 

Subangular 

0.5 

0.54 

0.29 0.48 0.35 

0.45 0.42 0.32 

Hoiden 
(1971) 

South 
Oakleigh 

II 

Quartz 

Quartz 

Subangular 

Subangular 

0.19 

0.37 

0.12 

0.17 

0.47 0.35 

0.43 0.29 

Chapman & Donald 
(1981) 

Frankston Mainly Quartz Rounded to 
Subangular 

0.37 0.18     

* Percent mica by volume 

TABLE 4.1:  Properties of Sand Tested in Calibration Chamber Studies 
(After Robertson and Campanella, 1983a) 
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A large portion of CPT work is often carried out in sands where the 

grain minerals are predominately quartz and feldspar. These are sands 

similar to those tested in most of the calibration chamber work. Research 

has shown that there is relatively little variation in the compressibility 

for most quartz sands, although this depends on the angularity of the 

grains (Joustra and de Gijt, 1982). Angular quartz sands tend to be more 

compressible than rounded quartz sands. If an estimate of relative density 

is required for a predominantly quartz sand of moderate compressibity, the 

writers recommend that the relation given by Baldi et al (1986) be used. 

Fig. A.6 shows Baldi's relationship between relative density (D ) ver- 

tical effective stress (o' ) and cone resistance (q ). The relationship is 
vo ^c r 

for normally consolidated, where K = 0.45, uncemented and unaged sands. 

The relationships shown in Fig. 4.6 are practically identical to those 

recommended by Schraertmann (1978b).  If overconsolidated or aged sands are 

encountered, the horizontal effective stress (o/ ) should be used instead 
ho 

of o1 . However, the application of this relationship to overconsolidated 

sands appears, at present, very difficult because of the inherent 

difficulties in measuring or choosing an appropriate o' in-situ and 

assessing the stress history of natural sand deposits. 

It is suggested that Fig. 4.6 should be used only as a guide to in- 

situ relative density, but can be expected to provide reasonable estimates 

for clean normally consolidated moderately compressible quartz sands. Some 

engineers have suggested that the D values obtained from charts like 4.6 

should be referred to as "Equivalent" D values when applied to natural 
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sands. Figure 4.5 can be used as a guide to adjust the correlations for 

sands that may be more or less compressible. A visual classification of 

the grain characteristics would significantly improve the choice of 

relative density correlation. The compressibility of sands tends to 

increase with increasing uniformity in grading, with increasing angularity 

of grains, with increasing mica content and with increasing carbonate 

content. Care should be exercised in interbedded deposits where the cone 

resistance may not have reached the full value within a layer. 

4.4.2. Friction Angle ($) 

Many theories and empirical or semi-empirical correlations for the 

interpretation of drained shear strength of sand from cone resistance have 

been published. The theories can be divided into two categories; namely 

those based on bearing capacity theory (Janbu and Senneset, 1974, Durgu- 

noglu and Mitchell, 1975) and those based on cavity expansion theory 

(Vesic, 1972). 

Work by Vesic (1963) has shown that no unique relationship exists 

between friction angle for sands and cone resistance, since soil compres- 

sibility influences the cone resistance. The curvature of the Mohr-Coulorab 

failure envelope for granular soils has been observed repeatedly by 

numerous investigators and is presently recognized as a typical material 

behaviour. Most of the available bearing capacity theories on deep pene- 

tration neglect both the curvature of the shear strength envelope and the 

compressibiity of the soil. The increasing influence of these two factors 

tend to reduce the tip resistance. 
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Based on cavity expansion concepts, Vesic (1972) developed a theory 

for tip resistance taking account of soil compressibility and volume change 

characteristics. Baligh (1976) developed this further to incorporate the 

curvature of the strength envelope. The comprehensive calibration'chamber 

test work by Baldi et al (1986) and recent work by Mitchell and Keaveny 

(1986) show that the cavity expansion theory appeared to model the measured 

response extremely well. The cavity expansion analysis, however, is 

complex and requires considerable input data regarding compressibility and 

shear strength. Calibration chamber results illustrate the complex nature 

of cone penetration in sands and show that simple closed form solutions to 

derive the shear strength for all sands are not possible. In addition, 

chamber tests provide valuable insight into the relative importance of the 

various factors that influence cone penetration in sands. In general, it 

would be expected that the bearing capacity theories, which cannot take 

account of soil compressibility, could not provide reliable predictions of 

friction angle. The vork by Mitchell and Keaveny (1986) showed that the 

bearing capacity theory developed by Durgunoglu and Mitchell (1975) 

provided reasonable predictions for a variety of sands but poor prediction 

for highly compressible sands. 

Bearing capacity theories will give conservatively low estimates of 

friction angle for more compressible sands (i.e. carbonate sands). 

A review of the calibration chamber test results was carried out by 

Robertson and Campanella (1983a) to compare the measured cone penetration 

resistance to measured peak friction angle from drained tri-axial tests. 

The peak friction angle values were obtained from triaxial tests performed 

at confining stresses approximately equal to the horizontal effective 
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stress in the calibration chamber before cone penetration (i.e., in-situ 

o'. ). The results of the comparison are shown on Fig. 4.7. Details of 

the sands used in the studies are given in Table 4.1. The scatter in the 

results illustrate the limited influence of soil compressibility. Also 

shown in Fig. 4.7 are the theoretical relationships proposed by Janbu and 

Senneset (1974) and Durgunoglu and Mitchell (1975). The Durgunoglu and 

Mitchell method includes the effect of in-situ horizontal stresses. The 

difference between the normally consolidated state, where K = 1-sin^, and 

the overconsolidated state (OCR = 6), where K = 1.0, is less than 2 

degrees, as shown on Fig. 4.7. 

Since the solution by Janbu and Senneset (1974), for p = 0, (see Fig. 

4.7) tends to slightly over-estimate <|> and Durgunoglu and Mitchell tends to 

under-estimate <f>, an average empirical relationship was proposed by 

Robertson and Campanella (1983a), as shown on Figs. 4.7 and 4.8. The 

proposed chart in Fig. 4.8 can be expected to provide reasonable estimates 

of peak friction angle for normally consolidated, uncemented, moderately 

incompressible, predominantly quartz sands, similar to those used in the 

chamber studies. For highly compressible sands, the chart would tend to 

predict conservatively low friction angles (see Fig. 4.7). Durgunoglu and 

Mitchell's theory shows that there is little change in predicted friction 

angle for relatively large changes in stress history. It is important to 

note that the friction angle predicted from Fig. 4.8 is related to the 

in-situ initial horizontal stress level before cone penetration. 

The friction ratio for sands increases with increasing-compressibi- 

lity. Many compressible carbonate sands have friction ratios as high as 3 

percent (Jonstra and de Gijt, 1982) whereas, typical incompressible quartz 
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sands have friction ratios of about 0.5 percent. Thus, the presence of 

compressible sands may be identified using the friction ratio. 

It is recommended that, for sands that fall within zones 7, 8, 9 and 

10 in Fig. 4.2, the peak friction angle can be estimated using Fig. A.8. 

In overconsolidated sands, Fig. A.8 may slightly overestimate the friction 

angle by up to about +2° (see Fig. A.7). Care should be exercised in 

interbedded deposits where the cone resistance may not have reached the 

full value within a layer. 

A recent approach to the interpretation of CPT data in sands has been 

proposed (Been et al, 1985) that uses a State Parameter approach. This 

method incorporates the determination of the Steady State Line (SSL) on 

disturbed samples of sand and the measurement of the in situ horizontal 

stress (al ). The incorporation of the slope of the SSL attempts to 

account for variations in sand compressibility. For sands with dominant 

silica content the state parameter approach gives similar answers to that 

using Fig. A.8. 

A.A.3. Modulus and Compressibility 

As already discussed, the cone penetration resistance in sand is a 

complex function of both strength and deformation properties. Hence, no 

generally applicable analytical solution for cone resistance as a function 

of deformation modulus is available. Instead, many empirical correlations 

between cone resistance and deformation modulus have been established. 

The empirical correlations for the DMT are generally more reliable for 

estimating modulus in silica sands, especially since the DMT provides an 

estimate of OCR. 
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A.4.3.1. Constrained Modulus 

Mitchell and Gardner (1975) made a comprehensive review of the 

existing correlations for sand. The correlations generally take the form 

JT - M - « qc (A.3) 
v 

where M is the drained constrained modulus (equal to 1/m from oedometer 

tests). The factor a is generally recommended in the range of 1.5 to 4.0. 

Considerable confusion appears to exist as to whether or not a should 

remain constant with depth. Vesic (1970) proposed o = 2(1+Da), where D = 

relative density. Dahlberg (1974) found a to increase with q based on M 

values obtained from screw plate tests for precompressed sand. Other 

references by Mitchell and Gardner use decreased a values when q exceeds a 

certain limit. 

Review of calibration chamber tests (Lunne and Kleven, 1981) are shown 

in Table 4.2. Results indicate that a = 3 should provide the most conser- 

vative estimates of one-dimensional settlement. The choice of o value 

depends on judgement and local experience. 

Considerable insight into the relationship between one dimensional 

deformation modulus and cone resistance can be obtained from a careful 

review of calibration chamber tests. Baldi et al (1981) report tangent 

moduli corresponding to the last load increment for normally consolidated 

samples, and apply them to the empirical formula proposed by Janbu (1963): 

Mt " kmPa(?f)n <4.4) 
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Reference 
N.C. Sand O.C. Sand 

No. sands a No. sands a 

Veisraanis (1974) 

Parkin et al, (1980) 

Chapman & Donald (1981) 

Baldi et al, (1982) 

2 

1 

1 

1 

3-11 

3-11 

3 - A 
3 absolute 
lower limit 

>3 

3 

1 

1 

1 

5-30 

5-30 

8-15 
(12 = 
average) 

3 - 9 

TABLE A.2: Summary of Calibration Chamber Results 
for Constrained Modulus Factor a 
(After Lunne and Kleven, 1981) 
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Dr = 46% k = 575 m 

Dr - 70% k = 753 
ra 

Dr = 90% k = 815 m 

where M  = tangent constrained modulus 

k  • modulus number, which varies with relative density 

n  = modulus exponent, which may be approximately 0.4 

o'  = vertical effective stress vo 

Pa = reference stress, usually taken as 1 t/ft2 (1 bar or 100 kPa). 

The test results by Baldi et al (1981) on Ticino sand show a relation- 

ship between the modulus number, k and relative density, D as follows: 
m r 

Medium dense, D = 46% 

Dense 

Very dense 

Similar values were reported by Parkin and Arnold (1977) and Byrne and 

Eldridge (1982). 

If the relationship between relative density and modulus number is 

used in conjunction with the correlation developed by Baldi et al (1981), 

shown in Fig. 4.5, a series of curves relating tangent constrained modulus, 

M ,  to cone resistance, q , for different levels of vertical effective 
i c 

stress, o'  can be developed, as shown on Fig. 4.9. 

Review of Fig. 4.9 illustrates the apparent reason for the wide range 

in a values reported in Table 4.2. 

The recommended method for estimating modulus is to estimate the 

average effective overburden stress (o1 ) and the average cone bearing, 

then enter Fig. 4.9 to obtain M and calculate the average a value 

applicable for the deposit or layer. Say the average cone bearing for a 

sand deposit is in the range of 100 to 200 t/ftJ (bars) at an average o' 

• 1 t/ft* (bar), from Fig. 4.9 the average constrained modulus, M , would 
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be about 750 t/ftJ (bars) at a cone bearing of 150 t/ftJ and the average a 

value about 5. 

For overconsolidated sands the a value increases with OCR (Baldi et 

al, 1986), as shown in Table A.2 and Fig. A.10. However, caution is 

required because of the difficulty in estimating OCR. 

Some of the confusion concerning the use of CPT for interpretation of 

deformation modulus can be overcome if the following points are con- 

sidered. 

a) Soil is not linear elastic and modulus varies with both stress and 

strain level. 

b) Modulus is often derived from or applied to non one-dimensional load- 

ing conditions. 

c) Different theoretical methods were applied when obtaining correla- 

tions. 

The simple fact that soil is not a linear elastic material makes the 

assumption of a constant modulus unrealistic. This is further complicated 

by the fact that many of the correlations where derived from non one- 

dimensional loading conditions for which "elastic" solutions were applied 

to back-figure a modulus. Thus, reasonable agreement can be expected only 

if the required problem involves similar boundary conditions and the same 

theoretical method is reapplied. Schmertmann's (1970) CPT method for 

predicting settlements in sand under spread foundations is a typical 

example. Schmertmann applied his strain influence elastic theory to 

analyze the results of screw plate tests. An equivalent Young's modulus 

(Es) was calculated using a secant slope over the 1 bar - 3 bars (1 tsf - 

3 tsf) increment of plate loading. This interval was chosen principally 

because real footing pressures commonly fall within this interval.  Thus, 
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Schmertraann's design method, where E = 2 q can be expected to produce 

good results if the proposed design problem has similar loading conditions 

to the screw plate (i.e. circular spread footing loaded from 1-3 bars) and 

the same strain influence theory is reapplied. 

A.A.3.2. Young's Modulus 

A common problem, in geotechnical engineering, appears to be the use 

of the one-dimensional constrained modulus (M ) applied to non one- 

diraensional loading conditions. For non one-dimensional cases an equiva- 

lent Young's modulus, as suggested by Schmertraann (1970), would appear to 

be a more logical parameter. A review, performed by the writers, of the 

calibration chamber results (Baldi et al 1981) provides a relationship 

between the drained secant Young's modulus at the 50 and 25 percent or 1/4 

failure stresses, E-Q and E-r, respectively, and cone resistance, q , for 

different levels of vertical effective stress (Fig. A.11). Since the 

overall safety factor against bearing capacity failure is usually around A 

fpr foundations on sand, the designer is usually interested in a Young's 

modulus for an average mobilized stress level around 25 percent of the 

failure stress. 

Thus, the calibration chamber results on normally consolidated sand 

give values of E^s^^r or a varyinS between 1.5 and 3.0 which are in good 

agreement with the recommended value of 2 by Schmertraann (1970) for 

computation of settlements of circular shallow foundations on sand. 

Schmertraann (1978a) has changed the value to 2.5 and 3.0 to allow for the 

variation of shape factors for square and strip footings, respectively. 
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Results from chamber tests suggest the ratio of E-c/q  for over- 25  c       

consolidated sands is in the range of 3 to 6 times larger than those for 

normally consolidated sands (i.e. 6 £ a i 18) (see Fig. A. 12). However, 

the application of these larger factors to overconsolidated sands should be 

used with caution, since the increase is dependent on degree of overcon- 

solidation and density (Baldi et al 1986). 

The use of Fig. 4.11 may underestimate the in-situ Young's Modulus 

because it is based on laboratory measured moduli using unaged and 

re-constituted samples. Many in-situ aged sand deposits (age >3000 years) 

have had some past stress or strain history that can cause a significant 

increase in soil stiffness. 

A.A.3.3. Shear Modulus (G) 

A similar approach has been applied to develop a correlation between 

cone resistance and shear modulus,  G,  for sands.  Extensive laboratory 

work has been conducted by several researchers (Seed and Idriss, 1970, 

Handin and Drnevich, 1972) to relate dynamic shear modulus, G    to soil J max 

index properties.   Based on this work, Robertson (1982) proposed an 

empirical relationship between G   and q for uncemented, predominantly 

quartz sands, as shown in Fig. 4.13.   The major advantage of the 

correlation between G   and q is the fact that it is little influenced by 
max    c J 

stress history (Jamiolkowski et al, 1986).   Therefore, considerable 

confidence can be placed on the estimate of G   from q . 
max    ^c 

Once a correlation has been developed for the dynamic shear modulus it 

should be possible to estimate the shear modulus at any strain level by 

using the reduction curves suggested by Seed and Idriss (1970). 
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Also shown on Fig. A. 13 is the relationship developed in Japan (Iraai 

and Tonouchi, 1982) between dynamic shear modulus and SPT N value for 

sands. The SPT N value has been converted to cone bearing, q , using the 

relationship for sands (Robertson et al, 1983), 

qc 
jj2 = 4.5 . (4.5) 

4.A.A. Stress History 

Unfortunately, it is not possible to distinguish the stress history 

from cone penetration data during drained penetration. Sometimes, an 

indication of high horizontal stresses, i.e. high OCR, can be obtained from 

the relative density correlation (Fig. 4.6). If Fig. 4.6 is used with the 

vertical effective stress, o' , it is possible to predict relative 

densities in excess of 100% (D >> 100%). This, is usually a sign of high 

horizontal stresses or cementation. 

Sometimes the presence of high horizontal stresses can produce high 

friction sleeve values, f . However, to quantify the stress level, it is 

necessary to know the friction sleeve value of the same sand under normally 

consolidated conditions. Thus, it is impossible to distinguish between a 

dense normally consolidated sand and a loose overconsolidated sand. 

Marchetti (1985) developed a chart to determine K in sands using the 

combined data from the DMT and the CPT.  A modified version of Marchetti's 

method is given in Fig. 4.14.  The combination of CPT and DMT data can be 

very useful for interpretation in sands.  Some of the correlations for CPT 

in sands are sensitive to the in-situ stress condition (K ). Therfore, a 
o 
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K, 

Figure 4.14  Modified Chart for Interpreting K from IC (DMT) 

and qc (CPT) Using Robertson and Campanella (1983) 

q -<f> Relationship and Showing Po River Data 

and Calibration Chamber Data  (After Marchetti, 1985) 
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knowledge, or some estimate, of K can significantly improve the correla- 

tions. This is especially true for the CPT correlation for moduli.  If the 

combined DMT and CPT data are used to estimate K , an estimate of OCR can 
o 

be made using the following relationship: 

Ko(0C) =Ko(NC)(OCR)0"A2 (4-6) 

where K ,..„. = 1 - Sin $'. 
0 INL; 

Robertson (1986) discussed how a similar approach could be taken using 

the friction sleeve stress as a measure of the horizontal stress. However, 

the resulting approach showed that the friction sleeve stress combined with 

the cone bearing are insensitive parameters to changes in K . This is 

especially true if the variation in friction sleeve stress is evaluated for 

cones of different design. 

A discussion of how the piezometer cone can be used to estimate stress 

history is given in Section A.5.5. Unfortunately, in sandy soils the pore 

pressures tend to dissipate almost as fast as they are generated resulting 

in a measured pore pressure close to the in-situ equilibrium water 

pressure. 

A.5. Undrained Soil 

A.5.1 Undrained Shear Strength 

One of the earliest applications of the cone penetration test was in 

the evaluation of undrained shear strength (s ) of clays. Comprehensive 
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reviews of s evaluation from CPT data have been presented by Baligh etal 

(1980), Jamiolkowski et al (1982), Lunne and Kleven (1981), and Robertson 

et al (1986) . Note that the undrained shear strength of clay is not a 

unique parameter and depends significantly on the type of test used, the 

rate of strain and the orientation of the failure planes. 

Using bearing stress to estimate s  - Estimates of s from CPT using cone 

bearing results usually employ an equation of the following form: 

q -o c  o 
Su = "IT2 <4.7) 

k 

where    o      is the in-situ total overburden pressure o 

N,     is the cone factor, k 

The   contribution of  the  total  overburden pressure   (o  )   has  been 

interpreted  as  either  the  in-situ vertical stress   (o    ) ,  or the in-situ vo 
horizontal  stress   (o.   ),  or the in-situ mean stress  (o    = r-(o      + 2a,   )). 

ho m- 3 vo    ho 

Theoretical solutions for N, have been based on bearing capacity theories 

(eg., Meyerhof, 1961) and more recently by use of cavity expansion theories 

(eg., Ladanyi, 1967, and Vesic, 1972). Baligh (1975) combined these two 

approaches in approximate form. The solutions involve several simplifying 

assumptions, such as neglect of undrained strength anisotropy and strain 

softening behavior. The former can be adequately approximated by using the 

average of the vertical and horizontal strengths. Neglecting strain- 

softening, on the other hand, can lead to a serious error for sensitive 
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clays, Ladanyi (1972). Other factors such as cone type and rate of pene- 

tration may significantly affect the penetration resistance. 

N, is generally obtained from empirical correlations. The reference 

s should be measured from field vane tests or direct simple shear tests. 

The overburden pressure (o ) is usually taken as the in-situ total vertical 

stress (o ) since the in-situ horizontal stress is usually not known. 
vo J • 

Data presented by Lunne and Kleven (1981) shows that for normally 

consolidated marine clays using field vane strength, the cone factor N. 

falls between 11 and 19 with an average of 15. These results were obtained 

using a standard 10 cm2 electric cone at a standard rate of penetration of 

2 cm/sec. 

It is more difficult to establish similar correlations in stiff over- 

consolidated clays because of the important effects of fabric and fissures 

on the response of the clay (Powell and Quarterman, 1988). 

Investigations by Kjekstad et al (1978) in non-fissured over-conso- 

lidated clays indicate an average cone factor N, = 17. In this case, the 

reference s was obtained by triaxial compression tests. The value of N, 

appears to be independent of overconsolidation ratio. 

The s value determined as a function of cone resistance (q ) in 
u c 

highly overconsolidated clay deposits must be considered with great caution 

since it is difficult to establish the extent fissures affect drainage and 

their effect on progressive failure. 

Some people have had good experience using the relationship 

qc 
su - r (4.8) 

c 
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where N varies from 9 to 20, with an average of 15, although in general it 

is not recommended. 

In general, the undrained shear strength, s , has been estimated from 

the measured cone bearing, q , using Equation 4.7, where N, is an empirical 

cone factor and o is generally taken to be the total overburden pressure 

(o ) , With the corrected cone resistance, q_, the cone factor has been 

expressed (Lunne et al, 1985) as: 

qT"0vo 
NKT " ^ (A-9) u 

Using  effective bearing to estimate  s - Senneset et al   (1982)  have 

suggested the use  of  the  effective cone resistance,  q_,  to determine s  . 

Where  q_ is defined as  follows: ^E 

qE =  qc - u (A.10) 

and u = total pore pressure measured immediately behind the cone tip. 

Campanella et al (1982) redefined the effective cone bearing using the 

corrected cone resistance, q•. The undrained shear strength can then be 

determined as follows, 

qE  qT " u 
su = N N ih'n) 

KE     KE 

Senneset et al (1982) proposed that N  = 9 with a likely variation of 
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±3.  Lunne et al (1985) and Robertson et al (1986) showed that N• varied 
KE 

from 1 to 13 and appeared to correlate with B . 

One major drawback using the effective cone resistance, q_,, is the 

reliability to which qE can be determined. In soft normally consolidated 

clays, the total pore pressure, u, generated immediately behind the tip 

during cone penetration is often approximately 90 percent or more of the 

measured cone resistance, q . Even when q is corrected to q , the differ- 

ence between q_ and u is often very small. Thus, qF is often an extremely 

small quantity and is therefore sensitive to small errors in q measure- 

ments. 

Using excess pore pressure to estimate s - Several relationships have 

been proposed between excess pore pressure (Au) and s based on theoretical 

or semi-theoretical approaches using cavity expansion theory (Vesic, 1972, 

Battaglio et al, 1981; Randolph and Wroth, 1979; Massarch and Broms, 1981; 

Campanella et al, 1985) using: 

Au 

where N. can vary between 2 and 20 (on a global basis). 

These methods have the advantage of increased accuracy in the 

measurement of Au, especially in soft clays, where Au can be very large. 

In soft clays, the cone resistance can be very small and typically the cone 

tip load cell may be required to record loads less than 1% of rated 

capacity with an associated inaccuracy of up to 50% of the measured values. 

However, in soft clays, the pore pressures generated can be very large and 

the pressure trasnducer may record pressures up to 80% of its rated 
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capacity with an associated accuracy of better than 1% of the measured 

value. Therefore, estimates of s in soft clays will inherently be more 

accurate using pore pressure data, as opposed to the tip resistance. 

The cone resistance and the excess pore pressures generated during 

cone penetration into fine grained soils will be dependent on the stress 

history, sensitivity and stiffness ratio. Low values of stiffness ratio 

generally apply to highly plastic clays (plasticity index, PI > 80) which 

tend to generate low pore pressures. High values of stiffness ratio 

generally apply to low plastic clays and silts (PI £ 15) which tend to 

generate high pore pressures. The excess pore pressures also tend to 

increase with increasing soil sensitivity and decrease with increasing 

overconsolidation ratio (stress history). A semi-empirical solution was 

proposed by Massarch and Broms (1981) based on cavity expansion theories 

but including the effects of overconsolidation and sensitivity by using 

Skempton's pore pressure parameter at failure (A,). Charts illustrating 

this approach are given in Fig. 4.15. Approximate values for A, can be 

estimated from the following: 

Saturated Clays Af 

Very sensitive to quick 1.5 - 3.0 

Normally consolidated 0.7 - 1.3 

Lightly overconsolidated 0.3 - 0.7 

Highly overconsolidated -0.5 - 0.0 

Clearly a knowledge of the plasticity index (PI) would assist in the 

estimate of s . 
u 
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If pore pressures are measured immediately behind the cone tip, the 

measured values may not have reached the true cylindrical cavity expansion 

value. Therefore s estimated from the chart with the pore presures behind 

the tip may be slightly overestimated. Also because of the tendency for 

low or negative pore pressures measured behind the tip in insensitive, 

overconsolidated clays (see Fig. 3.3) the chart in Fig. A. 15 is not recom- 

mended for highly overconsolidated clays (-0.5 < A, < 0). 

Schmertmann (1975) wisely comments that for standard cone testing, the 

best procedure is to make individual correlations for N, based on s 

measurements for specific clays and CPT procedures.  This, of course, 

requires a reliable estimate of the in-situ s appropriate to the particu- 

lar design problem. 

RecomDendations - For standard cone testing it is recommended to use 

Equation (4.7) with an N. value of 15 for preliminary assessment of s , if 

no data is available for s . For sensitive clays, the N value should be 
k 

reduced to around 10 or less depending on the degree of sensitivity. The 

overburden pressure can be taken as the total vertical stress. With local 

experience individual correlations for N, should be determined for specific 

clays. It is also recomnended that N. be defined for a specific method 

of evaluating s , such as by the field vane test, since s is not a unique 

soil parameter. 

The N, values based on experience will change somewhat as all cone 

resistance values become corrected to q_. 
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For piezometer cone testing, it is recommended to also use Fig. A. 15 

and Au in Equation A. 12. Care is required to use the correct chart 

relevant to the pore pressure location. 

Although the charts in Fig. 4.15 are based on cavity expansion 

theories, they are basically semi-empirical in nature. The advantage in 

using the charts is that they provide some rational guide to the correct 

selection of the cone factor, N. . The charts clearly show how the factor 

N. will vary with OCR, sensitivity and stiffness. 

Figure 4.16 presents data from the Vancouver area (Robertson et al, 

1986) showing how the cone factor N. varies with the pore pressure para- 

meter B . Also included on Fig. 4.16 is the range of North Sea data q 

presented by Lunne et al (1985) .  The Vancouver area data show the same 

basic trend but with more scatter. When the data presented in Fig. 4.16 is 

reviewed a little more closely, it is apparent that trends in the data can 

be defined.  Soils with high OCR have low B and low Nt values.  Soils 6 q        Au 

with the same OCR but increasing sensitivity (S ) show a marked increase in 

NA and a smaller increase in B .  Unfortunately, the data shown is for 
Au q 

soils of predominantly similar plasticity index (PI) and no clear trend 

with changing PI can be seen. The trend lines for increasing OCR and S 

have been included on Fig. 4.16 as a guide. These same trends in N. can 

be obtained from the chart shown in Fig. 4.15. The data shown in Fig. 4.16 

would indicate that increasing sensitivity (S ) can increase N. to as high 

as 18, compared to the maximum value of about 10 shown in Fig. 4.15. 
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Based on the data shown in Figs. 4.15 and A.16 the authors suggest the 

following method for determining the undrained shear strength from CPTU 

data: 

1. Using the CPTU profile estimate the OCR and sensitivity (S ). Methods 

to estimate OCR and S are discussed in a later section. 

2. Estimate appropriate value of Af. 

3. Use Fig. 4.15 to estimate N. . 

4. Calculate B and use Fig. 4.16 to estimate N. , again use estimated 

OCR and S . 

5. Compare N.  values from Figs. 4.15 and 4.16 and use average value to 

calculate s . 
u 

6. Using calculated value of s re-evaluate OCR using s /o'  (see Section 
u e u vo 

4.5.5). 

7. Iterate from 1 to 6 until consistent value of s is derived. 
u 

Experience has shown that no simple unique relationship exists between 

CPTU data and undrained shear strength, s , for all clay type soils. 

Therefore procedures, such as outlined above, are required to more 

realistically evaluate s for all possible clay soils. However, simple 

relationships are possible for site specific soils. If possible, always 

make a direct measurement of s (field vane or even U-U, etc.) and 

determine N. for specific clay layers at a given site to determine s 

profiles from CPTU data. 
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A.5.2. Sensitivity 

The sensitivity (S ) of a clay, which is the ratio of undisturbed 

strength to totally remolded strength, can be estimated from the friction 

ratio (Rf%) using, 

N 
S - —- (A.13) 
1   Rf% 

Schmertmann (1978) suggested a value of N =15 for mechanical CPT data. oo s 

Robertson and Campanella (1983) initially suggested N = 10 for electronic 

CPT data. However, recent data (Greig, 1985) collected in the Vancouver 

area suggest an average of N =6 based on field vane testing. The authors 

therefore suggest using an average N of 6 for an initial estimate of S if 

no direct measurements of S are available. 

It has been recognized for many years that the sleeve friction stress, 

f , is approximately equal to the remolded undrained shear strength, s 

Data from the Vancouver area has shown that the friction sleeve stress is 

generally close to the remolded strength. However, the friction sleeve 

values are very small and the variation in results are probably due to the 

inherent difficulty of measuring small sleeve frictions. The observation 

that soils with a high sensitivity have very low sleeve friction values is 

also reflected in the Rf classification charts (Figs. 4.1 and A.2). 

A.5.3. Drained Shear Strength 

Senneset et al (1982) and Keaveny and Mitchell (1986) have suggested 

methods to determine the drained effective stress shear strength parameters 

(c', $'), from the cone penetration resistance and the measured total pore 

pressures. However, these methods, as with any method for determining 

effective stress parameters from undrained cone penetration data, can be 

subject to serious problems.  Any method of analyses must make assumptions 
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as to the distribution of total stresses and pore pressures around the 

cone. Unfortunately, the distribution of stresses and pore pressures 

around a cone is extremely complex in all soils and has not adequately been 

modelled or measured to date except perhaps in soft normally consolidated 

clays. Also, an important problem, which is not identified by Senneset et 

al, (1982) is the location of the porous element, since different locations 

give different measured total pore pressures. 

The authors believe that the present state of interpretation and 

analyses of CPT data has not yet reached a stage to allow reliable 

estimates of drained shear strength parameters from undrained cone 

penetration data. 

A detailed discussion about limitations of the theories relating to 

interpretation of CPT data in clays is given by Tavenas et al (1982). 

A.5.4. Compressibility and Modulus 

A.5.4.1. Constrained Modulus 

Mitchell and Gardner (1975) made a comprehensive review of the 

numerous correlations between cone resistance and constrained modulus, M. 

Most of these take the general form 

M = J- = a q (4.14) 
m       c 
v 

where m = volumetric compressibility = (Av/v/Ap). 

Sanglerat et al (1972) developed a comprehensive array of a values 

for different cohesive soil types with different cone resistance values. 

Mitchell and Gardner's (1975) summary of Sanglerat's  a values are given 

in Table 4.3. Schmertmann developed a method that related the s /o' ratio 
u vo 
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M = — = a q 
"v       c 

^c < 7 bar 3 < o < 8 

7 < qc < 20 bar 2 < a < 5 Clay of low plasticity 

(CD 

^c 
> 20 bar 1 < a < 2.5 

qc > 20 bar 3 < a < 6 Silts of low plasticity 

(ML) 

qc 
< 20 bar 1 < a < 3 

qc 
< 20 bar 2 < a < 6 Highly plastic silts & 

clays (MH, CH) 

qc < 12 bar 2 < a < 8 Organic silts (OL) 

qc 
< 7 bar: 

50 < w < 100 1.5 < a < 4 

Peat and organic 
100 < v < 200 1 < a < 1.5 clay (Pt, OH) 

w > 200 0.4 < a < 1 

TABLE 4.3: Estimation of Constrained Modulus, M, for Clays 

(Adapted from Sanglerat, 1972) (After Mitchell and 

Gardner, 1975) 
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to the overconsolidation ratio (OCR) and then to the one dimensional 

compression index of the soil, C , as shown on Table A.A. 
c 

The coefficient of volume change (m ) and the compression index (C ) 

are related by: 

0.435 C 
mv = (1+e )oC (*-15> 

o va 

where e  = initial void ratio, 
o 

o = average of initial and final stresses. 

These methods provide only a rough estimate of soil compressibility. 

The values by Schmertmann in Table A.A appear to give very conserva- 

tive estimates of C and appear to be too large by a factor of about 2. 

Increasing sensitivity can significantly increse the compressibility of a 

clay at stresses higher than the preconsolidation stress. 

Additional data from Atterberg limit tests (PI) and/or undisturbed sampling 

and oedometer tests are required for more reliable estimates. 

The estimation of drained parameters such as the one dimensional 

compression index, C , or compressibility, m , from an undrained test 

is liable to serious error, especially when based on general empirical 

correlations. Conceptually, total stress undrained measurements from a 

cone cannot yield parameters for drained conditions without the addition of 

pore pressure measurements. The predictions of volume change based on q 

using either Table A.3 or Table A.A may be in error by ±100%. However, 

with local experience individual correlations can be developed for specific 

soil types. 
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su/o;0 
approx. OCR Cc/(1 + e^ 

0 - 0.1 less than 1 greater than 0.A 
(still consolidating) 

0.1 - 0.25 1 0.A 

0.26 - 0.50 1 to 1.5 (assume 1) 0.3 

0.51 - 1.00 3 0.15 

1 - A 6 0.10 

over A greater than 6 0.05 

TABLE A.A: Estimation of Compression Index, Cc, from su/o'vo 
Ratio (After Schmertmann, 1978) 
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4.5.A.2.   Undrained Young's Modulus E  . 

The  estimation  of undrained Young's modulus,    E  ,    is usually made 

using  empirical correlations with the undrained shear strength,  s   ,  in the 

form 

E    = n s (A.16) u u 

where n is a constant that depends on stress level, overconsolidation 

ratio, clay sensitivity and other factors (Ladd et al 1977). As discussed 

earlier, because soil behaviour is non-linear, the choice of relevant 

stress level is very important.  Fig. A.17(a) presents data for normally 

consolidated soils from Ladd et al. (1977) that shows the variation of the 

ratio E /s with stress level for seven different cohesive soils, (15 < PI 
u u 

< 75).  Fig. A.17(b), shows the variation of E /s with overconsolidation 6 » u u 

ratio (OCR) at two stress levels for the same soil types shown in Fig. 

A.17(a). Figure A.17(c) shows the variation of stiffness ratio at 25% of 

failure stress with OCR as proposed by Duncan and Buchignani, 1976. 

The recommended procedure for the estimation of the undrained Young's 

modulus (E ) is to first estimate the undrained shear strength (s ) from 

CPT profiles, as previously discussed, then estimate the stress history 

(OCR) using the ratio, s /o' (Fig. A.19). Then, using Fig. A.17, estimate 

E for the relevent stress level appropriate for the particular problem. A 

knowledge of the plasticity index (PI) would significantly improve the 

estimate. 

A.5.A.3.  Shear Modulus 

A tentative correlation between dynamic shear modulus (G  ) and q J max    ^c 
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for clays is shown in Figure A. 18. A knowledge of plasticity and OCR is 

important, similar to the estimate of E . Note that according to 

elastic theory G = 1/3 E for undrained elastic deformation at small 

strains. 

A.5.5. Stress History 

An estimate of overconsolidation ratio and maximum past pressure may 

be obtained using the following method suggested by Schmertmann (1975) and 

modified slightly by the writers: 

i) estimate s from q  or Au: 
u      x 

ii) estimate vertical effective stress, o1  from soil profile; 

iii) compute s /o' ; r u vo 

iv) estimate the average normally consolidated (s /o' )„„ for the soil J u vo NC 

using Fig. A.19(b).  A knowledge of the plasticity index (PI) is 

required. 

v)  estimate OCR from correlations by Ladd and Foott (1974) and 

normalized by Schmertmann (1978a) and reproduced in Fig. A.19(a). 

If the PI of the deposit is not available, Schmertmann (1978a) 

suggests assuming an average normally consolidated (s /a'   )„„ ratio of 0.33 
u vo NC 

for most post-pleistocene clays. 

It should also be noted that the shape of the tip resistance profile 

can give an approximate indication of stress history. For normally conso- 

lidated clay deposits with hydrostatic groundwater conditions the tip 

resistance is linearly increasing with depth. For most young clays where 

overconsolidation has been caused by erosion or desiccation the OCR will 

decrease with depth until the deposit, at depth, is approximately normally 

consolidated.  In these cases, the tip resistance would be approximately 
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Figure 4.18   Tentative Correlation for Estimating Dynamic 
Shear Moduli (G  ) in Clay Soils 
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constant or even decrease with depth until the depth where the deposit is 

normally consolidated and will then increase linearly with depth. For aged 

clays where the OCR is constant with depth the tip resistance may continue 

to stay constant with depth. 

Baligh et al (1980) suggested that the pore pressure measured during 

undrained cone penetration may reflect the stress history of a deposit. 

Since then several methods have been suggested to correlate various pore 

pressure parameters to OCR. A summary of the main pore pressure parameters 

is suggested by.various authors as follows: 

Baligh et al (1981) 

Campanella and Robertson (1981) 

Smits (1982) 

Senneset et al (1982); Jones and Rust (1982); 

Jefferies and Funegard (1983); Wroth (1984) 

q    - Au - o 
(v) — ; ~        Jamiolkowski et al   (1985) o vo 

(vi) —r- Azzouz et al   (1983) o vo 

It   is   generally agreed that  q    should always  be  corrected to  q- 

whenever  possible.     Therefore,   (iv)  becomes B     (Equation A.l).     Battaglio 

(i) 
u 

^c 

(ii) 
Au 
qT 

(iii) 
Au 

q    - u Mc         0 

(iv) Au 
q    - o ^c        vo 
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et al (1986) presented several examples of the parameters (iv) and (v) for 

different Italian clays. 

Wroth (198A) correctly pointed out that only the shear induced excess 

pore pressure reveals the nature of the soil behaviour and depends on 

stress history. Unfortunately, because of the complex nature of cone pene- 

tration, it is not possible to isolate the shear induced pore pressures. 

However, as suggested early, the pore pressures measured immediately behind 

the cone tip appear to be influenced by shear stresses, although changes in 

octahedral stresses complicate any quantitative interpretation. 

A review of published correlations shows that no unique relationship 

exists between the above pore pressure ratios and OCR, because pore 

pressures measured at any one location are influenced by clay sensitivity, 

preconsolidation mechanism, soil type and local heterogeneity (Robertson et 

al, 1986; Battaglio et al, 1986). 

Since the shear induced pore pressures cannot be isolated with 

measurements at any one location on the cone, Campanella et al (1985) 

suggested that the difference between pore pressures measured on the face 

and somewhere behind the tip may correlate better with OCR (see Fig. 3.3). 

At present any empirical relationship should be used to obtain only 

qualitative information on the variation of OCR within the same relatively 

homogeneous deposit. 

A.5.6 Flow Characteristics 

In the last 10 years, much attention has been devoted to the analysis 

of dissipation tests with the CPTU (Torstensson, 1977; Randolph and Wroth, 

1979; Baligh and Levadoux, 1980; Acar et al, 1982; Gupta and Davidson, 

1986).   A dissipation test consists of stopping cone penetration and 
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monitoring the decay of excess pore pressures (Au) with time.  From this 

data an approximate value of the coefficient of consolidation in the 

horizontal direction (c, ) can be obtained. 
n 

A comprehensive study and review of this topic was recently published 

by Baligh and Levadoux (1986). Relevant conclusions were: 

1. The simple uncoupled solutions provide reasonably accurate predictions 

of the dissipation process. 

2. Consolidation is taking place predominantly in the recompression mode, 

especially for dissipation less than 50%. 

3. Initial distribution of excess pore pressures around the cone have a 

significant influence on the dissipation process. 

Based on the findings of Baligh and Levadoux (1986) the following 

procedure is recommended for evaluating c, from CPTU dissipation tests: 

a) Plot the normalized excess pore pressure with log time. 

b) Compare the measured dissipation curve with the theoretical curves 

(see Fig. A.20). . 

c) If the curves are similar in shape, compute c, from: 

ch = ¥ (4-i7) 

where: T = theoretical time factor for given tip geometry and porous 

element location 

t = time to reach given value of Au(t)/Au 

R = radius of cone. 

An alternate method may be used especially if an initial redistribu- 

tion of excess pore pressure is apparent: 

a)  Plot excess pore pressure vs. square root time and fit best straight 
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line ignoring initial redistribution and extrapolate line to zero time 

to obtain initial excess pore pressure, 

b)  Choose appropriate percent dissipation and use corresponding time and 

Eq. A.17 to calculate c,. 

If no data exists concerning A„ or I_ (See Fig. A.20) assume: I     K 

Af =' 0.80 for most soft clays 

IB = 100 = G/s R u 

Note that G/s  = 1/3 E/s for undrained deformation assuming 

elastic concepts hold as a first approximation. 

The value of c, determined for Au(t)/Au = 0.5 (i.e., 50% consolida- 

tion) , may be used in problems involving horizontal flow in the over- 

consolidated range. To obtain c, in the normally consolidated range, use 

PR 
ch (N.C.) = g • ch (CPTU) (A.18) 

where: 

RR = recompression ratio = C /1+e r so 

CR = virgin compression ratio = C /1+e 

RR 
If no data is available, take ^ = 0.15 (Jamiolkowski et al, 1983) 

At present, because of the difficulties in predicting the initial 

distribution of excess pore pressures around a cone in stiff, over- 

consolidated clays (OCR > A), the theqjetical solutions for estimating c, 

from dissipation tests is limited to normally to lightly overconsolidated 

clays (OCR < A). 

In stiff overconsolidated clayey soils the pore pressure gradient 

around the cone can be extremely large (see Fig. 3.3). This gradient of 

pore pressure often results in dissipations recorded behind the tip that 

initially increase before decreasing to the final equilibrium value. This 
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type of response is believed to be due to the redistribution of excess pore 

pressures around the cone before the primarily radial drainage, although 

poor saturation of the cone can also cause this response. 

In spite of the above limitations, the dissipation test provides a 

useful means of evaluating approximate consolidation properties, soil 

macrofabric and related drainage paths of natural clay deposits. The test 

also appears to provide very important information for the design of 

vertical drains (Battaglio et al, 1981; Robertson et al, 1986). 

It is useful here to comment on the procedure used while recording the 

pore pressure dissipations. Some users have reported that they found it 

necessary to clamp the penetration rods at the ground surface while 

recording pore pressure dissipation. It appears that if the rods were not 

clamped a drop in the measured pore pressure would result when load was 

released from the tip. It appears the location of the sensing element 

explains the sensitivity of decay response to procedure used. When load is 

released, pore pressures at the tip immediately drop in response to the 

decrease in total stress. Whereas, behind the tip, in the zone of failed 

soil the stress level does not change significantly when load is released. 

It therefore appears that, for standard 60° cones, the location of the 

piezometer element behind the tip is less sensitive to the procedure used. 

This is an important point because the amount of load applied to the tip, 

even with the rods clamped, will change with time due to stress relaxation. 

A crude estimate of permeability can be made from the soil type 

classification. A more reliable estimate of permeability, especially for 

fine grained soils, can be made from the consolidation and compressibility 

characteristics. Since: 
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k  = c m r (A.19) v    v v 'w v   ' 

\    =    Ch "h rw ^-20) 

where k and k, are the coefficient of permeability in the vertical 

and horizontal directions, respectively. Results of limited past 

experience suggests that soil compressibility can be regarded as approxi- 

mately isotropic, mv = m. (Mitchell et al, 1978; Ladd et al, 1977) for the 

purposes of estimating permeability. 

Since an estimate of m can be made, then estimates of vertical 

permeability can be obtained. Estimates of m can be made using Table 

4.3 or using an a factor based on local experience. 

If it is assumed that soil compressibility is isotropic, then: 

cv = chx^ (4.21) 

An estimate of the ratio k /k.  can be obtained from Table 4.5, after v h 

Baligh and Levadoux, (1980). Evidence of the soil heterogeneity can be 

obtained from examination of the bearing, friction and dynamic pore pres- 

sure records. 

4.6. Problem Soils 

Correct interpretation of CPT or CPTU data requires some knowledge 

that the penetration is predominatly drained or undrained.  Problem soils 
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Nature of Clay Vkv 

1. No evidence of layering 1.2 ± 0.2 

2. Slight layering, e.g., sedimentary 

clays with occasional silt dustings 

to random lenses 

2 to 5 

3. Varved clays in north-eastern U.S. 10 ± 5 

TABLE A.5: Anisotropic Permeability of Clays 

(After: Baligh and Levadoux, 1980) 
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are often soils where penetration is taking place under partially drained 

conditions, such as fine sands and silts and some organic soils. 

One of the major advantages of CPTU data is the ability to distinguish 

between drained, partially drained and undrained penetration. The dissipa- 

tion of excess pore pressures during a pause in penetration can provide 

valuable additional information regarding drainage conditions. If the 

excess pore pressures dissipate fully in a time from about 30 seconds to 

3 minutes for a standard 10 cm2 cone, the penetration process was most 

likely partially drained and quantitative interpretation is very difficult. 

Other factors, such as stratigraphy and poor saturation of the sensing 

element can also influence the pore pressure response. 

If CPTU data is not available, Fig. A.2 can be used to estimate 

drainage conditions during penetration. Soils that fall within zones 7, 8, 

9, 10 and 12 tend to have drained penetration. Soils that fall within 

zones 1, 2, 3, A and 5 tend to have undrained penetration. Caution should 

be used when soils fall in or close to zones 6 and 11, since penetration 

may be partially drained and quantitative interpretation is very 

difficult. 

Fibrous organic soils can sometimes be difficult to interpret. The 

shear strength is often controlled by the fibrous nature of the soil mass. 

Often instability is generated in thin layers of soft organic (non-fibrous) 

clays or silts that exist immediately above or below the fibrous deposit. 

Therefore, the CPT data should be studied carefully to look for the possi- 

bility of such soft layers, since often they will control stability. 

Gravelly soils also present a problem for interpretation of CPT data. 

Appreciable gravel content can make penetration with a cone impossible. 
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Small gravel content can allow cone penetration but can cause large spikes 

in the q and f profile. These spikes cannot be interpreted to give 

realistic geotechnical parameters, such as D , <J> or E. Caution should be 

exercised when interpreting CPT data in gravelly soils. Additional data, 

such as shear wave velocity, can be useful to evaluate the extent of gravel 

content. 

4.7. Groundwater Conditions 

It is almost impossible to determine the groundwater conditions from 

the cone bearing data, q . In some soils, particularly older relatively 

free draining soils, a higher q layer can form around present or past 

groundwater levels. This may be due to chemical precipitation which 

produces cementation between grains. In clays, past or present groundwater 

levels are normally associated with overconsolidation above groundwater 

level from drying. However, these methods can only provide an indication 

of possible past or present groundwater levels. 

The addition of pore pressure measurements during cone testing 

provides a direct measure of groundwater conditions. The equilibrium 

piezometric profile can be measured directly during a stop in the penetra- 

tion. Experience gained by the writers has shown this to be an extremely 

important feature for the piezometer cone for penetration in both drained 

and undrained soils. It has been common practice to obtain the height of 

water in a borehole but rarely are the groundwater conditions hydrostatic. 

Often there is a slight upward or downward gradient of water pressures 

resulting from overall regional groundwater conditions. The ability to 

measure equilibrium piezometric pressures during a stop in the penetration 
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is useful for evaluating consolidation conditions or unusual hydraulic 

gradients. Identifying the actual groundwater conditions can be extremely 

valuable for investigations of slopes, embankments, tailings disposal and 

tidal areas. 

The time required to reach full equilibrium pore pressure during a 

stop in penetration will depend mainly on the soil permeability. For many 

investigations, it is sufficient to take equilibrium measurements at the 

end of the profile before pulling the rods and during rod breaks in any 

sand layers or purposely stopping in a coarser layer to obtain a rapid 

dissipation to an equilibrium pore pressure. 

A poorly saturated piezometer element and cavity will not affect the 

accuracy of the measured equilibrium pore pressure, but will lengthen the 

time it takes to reach equilibrium. 

A.8. SPT-CPT Correlations 

The Standard Penetration Test (SPT) is still the most commonly used 

in-situ test in North America. However, despite continued efforts to 

standardize the SPT procedure there are still problems associated with its 

repeatability and reliability. Many geotechnical engineers have developed 

considerable experience with design methods based on local SPT 

correlations. With time, direct CPT design correlations will also be 

developed based on local experience and field observation. However, with 

the initial introduction of CPT data there is a need for better SPT-CPT 

correlations so that CPT data can be used in existing SPT data based design 

correlations. 



126 

A considerable number of studies have taken place over the years to 

quantify the relationship between SPT N value and CPT cone bearing 

resistance, q . A wide range of q /N ratios have been published leading to 

much confusion. The variations in published .q /N ratio can be clarified by 

reviewing the derived q /N ratios, as a function of mean grain size (D50), 

as shown in Fig. A.21. It is clear from Fig. A.21 that the q /N ratio 

increases with increasing grain size. The scatter in results appears to 

increase with increasing grain size. This is not surprising since penetra- 

tion in gravelly sand (D50= 1.0 mm) is significantly influenced by the 

larger gravel sized particles, not to mention the variability of delivered 

energy in the SPT data. Also sand deposits in general are usually strati- 

fied or non-homogeneous causing rapid variations in CPT tip resistance. 

There is also some difficulty in defining the Dso from some of the 

references. Additional data has been collected from calibration chamber 

tests (Baldi et al, 1985) which confirms the data shown in Fig. A.21. 

Robertson et al (1982) discussed how the q /N ratio varies with the c 

amount of energy delivered to the drill rods. Kovacs et al (1981) and 

Robertson et al (1982) have shown that the energy delivered to the rods 

during a SPT can vary from about 20% to 90% of the theoretical maximum, 475 

J (A,200 in.lb.). The energy delivered to the drill stem varies with the 

number of turns of rope around the cathead and varies with the fall height, 

drill rig type, hammer and anvil type, and operator characteristics. 

When using the rope and cathead procedure with two turns of the rope, 

the typical energy delivered from a standard donut type hammer is about 50% 

to 60% of the theoretical maximum (Kovacs and Salomone, 1982). Schmertmann 

(1976) and Seed and Idriss (1986) have has suggested that based on limited 
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data, an efficiency of about 55% to 60% may be the norm for which it can be 

assumed that many North American SPT correlations were developed. Most of 

the data presented in Fig. A.21 was obtained using the standard donut type 

hammer with a rope and cathead system. 

Robertson et al (1982) presented energy measurements on SPT data that 

indicate that the average energy ratio of 55% to 60% may represent the 

average energy level associated with the q /N correlation shown in Fig. 

A.21. 

Fig. A.21 can therefore be used to convert CPT data to equivalent SPT 

N values. To estimate the mean grain size from CPT data use can be made of 

the simplified classification chart shown in Fig. 4.2. The classification 

chart in Fig. A.2 should be used as a guide to grain size. Included on 

Fig. A.2 are the suggested q /N ratios for each soil zone. The addition of 

pore pressure measurements during cone penetration would significantly 

improve the soil classification. For mechanical cone data use can be made 

of classification charts by Schmertmann (1978a), Searle (1979) or Muromachi 

and Atsuta (1980). 

If local design correlations have been developed based on SPT data 

obtained using alternative procedures such as a trip hammer or procedures 

other than the rope and cathead technique, the q /N ratios shown in Fig. 

A.21 may be slightly in error. If a trip hammer was used it is likely that 

the energy level would be higher than the average 55% to 60% level by a 

factor of about l.A (Douglas, 1982). Thus q /N ratios would be slightly 

higher than those shown in Fig. A.21. Blow count varies inversely with 

energy level. 
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A.9. Summary 

4.9.1. General 

• Interpretation of CPT and CPTU data is based on empirical and semi- 

empirical correlations. 

• Primary purpose of CPT and CPTU is stratigraphic logging. Preliminary 

estimates of geotechnical paramaters can be made and critical areas 

defined. These critical areas may then require further testing that 

may include DMT soundings and/or selective sampling and laboratory 

testing. 

• If at all possible, always verify correlations used with direct local 

or site specific measurements and adjust as necessary. Site specific 

correlations provide the most reliable assessment of geotechnical 

parameters. 

• Cone resistance may not reach full value within thin stiff layers 

(<70cm). 

A.9.2.  Soil Type (Section 4.2) 

Figure A.2 (Electric CPT data) 

Figure A.3 (Electric CPTU data) 

• Charts are global in nature, therefore they provide only a guide to 

soil behavior type. 

• Expect some overlap in zones. 

• Local correlations are preferable. 

• Based on data obtained at depths of <100 ft. (30 m) 

• Thin stiff layers (<70 cm), q may not respond fully. 



130 

A.9.3.  Stratigraphy (Section 4.3) 

• Look for normally consolidated clay deposits where q increases 

linearly with depth. 

• Look for major layers consistent with project requirements. 

• Look for details in layers, thin lenses, general homogeneity in 

layers. 

• Look for possible influence of low horizontal stresses (near cavity or 

adjacent borehole) and high stresses (OCR or after compaction). 

A.9.A. Drainage Conditions (Section 4.7) 

• Determine average depth of the groundwater table where equilibrium 

porewater pressure equals zero. 

• Define layers of drained or undrained cone penetration. 

• Use Fig. 4.2 as a guide or CPTU data. 

• Review available data before interpretation of CPT data for geotech- 

nical paramaters. 

• Geologic origin of deposit. 

• Major mineral composition to estimate compressibility. 

• Review plasticity of fine grained soils. 

• Review potential for stress history; 

• old deposits have high potential of stress history 

• young deposits have possibility of underconsolidation. 

• Review possibility of cementation and/or gravel content. 
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Drained Penetration 

4.9.5. Relative Density (D ) (Section 4.4.1) 

• Fig. 4.6 for relatively uniform, uncemented, clean, predominantly 

quartz, unaged sands. 

• Use Fig. 4.5 to adjust correlation based on estimated compressibi- 

lity; 

• rounded, well graded, quartz sands - lowest compressibility 

• increased angularity, mica content or uniformity in grading - 

increases compressibility 

• carbonate sands are significantly more compressible. 

• For overconsolidated sands (K >0.45) estimate o' and use in Fig. o no 0 

4.6 

• Estimate K    from Equation 4.6. 
o 

• In thin layers (<70 cm), q may underestimate D . 

• In general, D is a poor indicator of soil behaviour. 

• The correlations are sensitive for horizontal stress (i.e., K ) and 
o 

soil compressibility (i.e., grain mineralogy). 

4.9.6. Friction Angle (4) (Section 4.4.2) 

• Fig. 4.8 for relatively uniform, uncemented, clean, predominantly 

quartz, unaged sands. 

• Use Fig. 4.7 to adjust correlation based on estimate of increased 

compressibility. However, correlation is not sensitive to variation 

in compressibility for most quartz sands. 

• For overconsolidated sands (K >0.45) $' will be slightly overpre- 

dicted using Fig. 4.8 (see Fig. 4.7). 



132 

• $' in Fig. 4.8 is related to in situ initial horizontal effective 

stress before cone penetration. 

<{>' varies with stress level due to curvature of strength envelope 

• $• decreases with increasing confining stress level. A one-log 

cycle increase in confining stress produces the following 

approximate decrease in <$>': 

0 to 1° 

2° to 3° 

3° to 5° 

5° to 8° 

In thin layers (<70 cm), q may underestimate <£'. 

Dr <35% 

35% <D 
r 

<65% 

65% <D 
r 

<85% 

85% <D 
r 

A.9.7. Deformation Moduli (Section A.A.3) 

• Constrained Modulus (M) 

• Fig. A.9 for normally consolidated, uncemented, predominantly 

quartz, unaged sands. 

• Fig. A. 10 for overconsolidated, uncemented, predominantly quartz 

sands. 

• Modulus is very sensitive to OCR (Fig. 4.10). 

• Young's Modulus (E) 

• Fig. 4.11 for normally consolidated, uncemented, predominantly 

quartz sands. 
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• Fig. A. 12 for overconsolidated, uncemented, predominantly quartz 

sands. 

• E very sensitive to OCR (Fig. A.12). 

• Important to define stress level of required E. 

• Fig. A.9 and A. 11 (N.C. Deposits) will give conservatively low 

moduli if OCR unknown. 

• Dynamic Shear Modulus (G  ) J max 

• Fig. A.13 for N.C. and O.C., uncemented, unaged, predominantly 

quartz sands. 

• G   insensitive to OCR. max 

A.9.8.  Stress History (Section 4.4.4) 

• Presently impossible to quantify stress history from only CPT or CPTU 

data during drained penetration, 

• Combined DMT (Kn) and CPT (q /o* ) data useful to estimate K , Fig. D ^c  vo o   e 

4.14. 

• Indication of high K if D >>100%. 

Undrained Penetration (Section A.5) 

A.9.9.   Undrained Shear Strength (s ) (Section 4.5.1) 

Important to remember there is no unique value of s .  Depends on 

stress path followed, type of test, strain rate, etc.  Whenever 

possible, verify correlation factor with field vane test to directly 

measure s . 
u 

• For CPT Data 

• s estimated from empirical correlation, Eq. A.7 
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q - o 
Su=   NK 

where   o  = total overburden stress vo 

NK - 15 ± 5 

s  = field vane undrained shear strength 

• NK depends on: OCR, sensitivity, stiffness. 

• For sensitive clays (S >5) N,. may be <10. 

• Large scatter in N for very soft clays, where q <5 t/ft2 due 

to possible poor resolution of q . 

• For stiff fissured clays the macrofabric is a major factor and 

NK = 25 ±5 

For CPTU Data 

• Correct q to q_ 
^c   ^T 

qT " qc 
+ u(l-a) 

where: 

u = pore pressure behind tip 

a = net area ratio (Section 3.1.1). 

• s estimated from empirical correlation, Eq. 4.9 

s u 

qT ' 0 vo 

NKT 
u-u 

Calculate B =  — 
q  qT-0vo 

Estimate sensitivity (S ) and OCR. 

Use Fig. 4.15 to estimate N. . 

Use IS and Fig. 4.16 to estimate N. . 
q Au 

Compare N. and use average to calculate s , Equation 4.12. 
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Su  N. Au 

Use su to re-evaluate OCR (Fig. A.19) and sensitivity. 

Iterate until consistent s is derived. u 

• Au from CPTU is good for very soft clays. 

• Not recommended for stiff clays. 

Whenever possible measure s by field vane to directly determine 

Nj— and N.  for a given clay. 

4.9.10. Sensitivity (Section 4.5.2) 

• •   Assume friction sleeve stress f = s (remolded). s   u 

• Calculate S = s (undisturbed) above + s (remolded). 

Estimate S. from Equation 4.13. St = N /Rr(%) and try N =6. t     " t   s f       J    s 

4.9.11. Stress History (OCR) (Section 4.5.5) 

• Estimate s , then calculate s /o1 . u u vo 

• Compare with s /o' estimated from Fig. 4.19(b) for N.C. deposit. Use 

s.ya.\~ ~  0'3 if no better estimate available. u vo 

• Use Fig. 4.19 to estimate OCR. 

• Pore pressure ratio from CPTU data is a useful guide to varia- 

tions in OCR within a homogeneous deposit. 

4.9.12. Deformation Moduli (Section 4.5.4) 

•   Constrained Moduli (M) 

• Table 4.3, where: M = — = a*a  . 
m     ^c v 

• Applicable for stress increment £l t/ftJ. 



136 

• Crude estimate only, better to measure m from oedometer test or 

estimate from DMT. 

Undrained Young's Moduli (E ) 

• Estimate s , then use Fig. 4.17. 

• Knowledge of plasticity and OCR important. 

Dynamic Shear Moduli (G  ) 3 max 

Use Fig. A.18. 

• Knowledge of plasticity and OCR important. 

4.9.13. Flow Characteristics (Section 4.5.6) 

•   Plot normalized excess pore pressure from dissipation test versus log 

time. 

• Compare shape of normalized dissipation curve with theoretical curves 

(Fig. 4.20). 

• If similar shape, calculate (Eq. 4.17) 

RJT 
Ch   t 

where: 

T = time factor (Fig. 4.20) 

c. = coefficient of consolidation 

t • time to reach a given value of Au(t)/Au 

R = radius of cone (usually R = 17.85 mm or 0.7 in.). 

If no data exists, assume Af = 0.8 

IR = 100. 

•   c, determined for Au(t)/Au = 0.5 (i.e., 50% consolidation) may be 

used in problems involving horizontal flow in OC range. 
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For c.   in N.C.  range, use 

ch(!M:-) =i-ch(oc) 

where: 

RR = recompression ratio 

CR = virgin compression ratio. 

RR 
If no data available, assume p^ = 0.15. 

Approximate estimate of k from 

\ '  ch %  rw 

k = c m y V   V v 'w 

Assume m 'v = mh- 

4.9.1A. Equivalent SPT N Value (Section A.8) 

• Fig. 4.21. Requires Dso or estimated soil type. 

• Fig. 4.2 for direct estimate of q /N. 

• SPT N value at approx. 55 to 60% energy. 
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5.   DESIGN RECOMMENDATIONS 

5.1. Foundation Engineering 

There are basically two main methods for the application of cone data 

to geotechnical design, 

i)  Use of cone data to evaluate soil parameters, e.g. evaluation of 

<b,  D , s and E. T  r  u 

ii) Direct use of cone data for design, e.g. cone resistance for pile 

capacity. 

Much of the early use of cone data for geotechnical design was through 

the direct application to pile design. This approach has the advantage 

that it is based on observed field experience. Thus, these methods, when 

applied in similar situations can produce reliable results. In recent 

years, direct CPT based design methods have also been developed for other 

applications, such as, design of shallow foundations and liquefaction 

assessment. The direct methods have a particular advantage in granular 

soils, such as sand, where use of parameters like relative density can 

produce misleading results. 

The evaluation of soil parameters can be useful for design in cases 

where little design experience exists and a more fundamental analysis is 

applied. 

In areas like North America, many geotechnical engineers have 

developed considerable experience with design based on local SPT 

correlations. In the initial introduction of CPT data, many of these 

engineers will feel more comfortable converting the CPT data to equivalent 

SPT N values and then applying them to their existing SPT based design 
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methods. Section A.8 in this report can provide a basis for the required 

CPT-SPT correlation. However, the q /N ratios shown in Fig. A.21 appear 

to represent SPT N values obtained with an average energy ratio of about 

55% to 60%. If local design correlations have been developed based on SPT 

data obtained using alternative procedures with resulting different average 

energy levels, Fig. 4.20 should be adjusted to reflect local practise and 

experience. 

5.2. Shallow Foundations (Footings and Rafts) 

5.2.1. Shallow Foundations on Sand 

Settlement, rather than bearing capacity criteria, usually controls 

design, except for narrow foundations (<3 feet) on loose sand. 

A quick estimate of settlements can be made using the chart in Fig. 

5.1, which has been adapted from the SPT method of Burland and Burbidge 

(198A, 1985).   Fig. 5.1 indicates the probable extent of a settlement 

problem.  Burland and Burbidge reviewed over 200 settlement records to 

develop a simple empirical relationship between the average SPT N-value, 

foundation pressure and settlement. Correction factors were also developed 

to account for footing shape, thickness of sand layer and time-dependent 

(creep) deformations (see Burland and Burbidge, 1984 or 1985 for details). 

The correlations are valid for predominantly silica sands where the factor 

of safety against bearing capabity is greater than 3.  To use the Burland 

and Burbidge correlation the CPT q  values should be converted to 
c 

equivalent SPT N-values using Fig. 4.21 or for sand by assuming q /N = 5.0, 

where q is in bars or tons/ft2. 
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Figure 5.1    Relationship between Compressibility (I ) and Mean SPT 
_ c 
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(After Burland and Burbidge, 1984 and 1985) 
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A rapid conservative estimate of settlement of footings on sand can be 

obtained directly from q using the empirical relationship proposed by 

Meyerhof (197A): 

P 'B 
S = -^ (5.1) 

^c 

where   S = settlement 

P = net applied loading 
n 

B = footing width 

q = average value of q over a depth equal to B. 

For direct use of CPT data in calculating settlements of footings on 

sand, the method by Schmertmann (1970) is considered to be a good approach. 

Schmertmann found that for normal foundation loads (1 t/ft2 to 3 t/ftJ)an 

almost linear relationship exists between E and q . He also proposed an 

E/q ratio of 2.0 for circular footings over normally consolidated sand. 

The method was later modified by distinguishing between square and strip 

footings by incorporating shape factors of 1.25 and 1.75, respectively 

(Schmertmann, 1978c). The recent chamber test studies by Baldi et al 

(1981) appear to confirm these values for normally consolidated sands (see 

Fig. 4.11). The ratio's suggested by Schmertmann require some modification 

for such effects as the magnitude of foundation pressure and soil stress 

history.   Section 4.4.3 should provide some guidance for any such 
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modification. The following E/q values are recommended for use in the 

method by Schmertmann (1970): 2.5 to 3.5 for recent N.C. silica sand fills 

(age <100 years), 3.5 to 6.0 for N.C. aged O3000 years) and 6.0 to 10.0 

for overconsolidated silica sands. Caution should be exercised before 

increasing the E/q ratio appreciably for overconsolidated sands because of 

the uncertainty in estimating OCR for a sand. Details of Schmertmann1s 

(1970) method and a worked example are given in the Worked Examples 

Volume. 

For very narrow footings bearing capacity may govern design. The 

bearing capacity calculations are based on friction angle values which can 

be estimated using cone data from Fig. A.7. 

5.2.2. Shallow Foundations on Clay 

The two main calculations for shallow foundation on clay are related 

to stability and settlement. Stability is assessed from bearing capacity 

calculations using the undrained shear strength, s . The undrained shear 

strength can be estimated from cone bearing or pore pressure data as 

discussed in Section A.5.1. Settlement is estimated using the compressi- 

bility of a clay. Unfortunately, the compressibility of a clay is not 

reliably estimated from cone data. However, a variety of crude empirical 

methods are discussed in Section 4.5.4. These methods serve only as a 

first approximation of a settlement problem. For a more accurate 

prediction of compressibility, it remains necessary to obtain samples and 

perform laboratory consolidation tests. The methods, however, can be 

adjusted based on local experience for any particular clay based on field 

settlement observations. 
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The piezometer cone offers the potential to estimate the rate of 

consolidation, as discussed in Section A.5.6. The rate of pore pressure 

dissipation, during a pause in the penetration, provides a measure of the 

coefficient of horizontal consolidation, c, . However, the theories related 

to these measurements make many simplifying assumptions. The method 

therefore requires local adjustment for any particular clay by an adequate 

number of field settlement observations. 

It should be made clear that because the CPT provides continuous 

profiles of soil variability judgement and experience should be applied to 

adequately account for the soil variability. However, the continuous 

nature of the CPT in-situ data provides a good basis for this judgement to 

be applied. 

5.3. Deep Foundations (Piles) 

Determination of pile capacity from the CPT is one of the earliest 

applications of the cone test. Pile foundations have been designed more or 

less successfully, using empirical approaches, for a large number of years. 

The problem of estimating pile capacity, however, is complicated by the 

large variety of pile types and installation procedures, as well as soil 

type. The present state-of-the-art in pile design using cone penetration 

test data is highly empirical. A full discussion of all the various 

methods is beyond the scope of this section. However, a recent paper by 

Robertson et al (1988), provides a useful evaluation of 13 different CPT 

methods. 
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5.3.1.  Piles in Clay 

Nearly all the working load capacity of driven piles in clay comes 

from the shaft. Until relatively recently, the prevalent design philosophy 

was that some bond or adhesion existed between the pile shaft and the soil. 

It was natural to correlate the strength of this bond with the undrained 

shear strength of the soil, s . This led to what is commonly referred to 

as the 'total stress method' for predicting pile capacity. The limiting 

skin friction, T , on the pile shaft is expressed as a proportion of the 

in-situ shear strength of the soil, s , as 

TS = asu . (5.2) 

Experience from pile tests has provided a variety of correlations of the 

parameter a with soil type and strength (Tomlinson, 1980). 

Burland (1973) advanced . from this approach by arguing that soil 

behaviour is controlled by effective stresses. The new 'effective stress' 

approach relates skin friction to in-situ effective stress state. This led 

to a relationship between skin friction and the in-situ effective 

overburden pressure according to 

x  -  p o' (5.3) s    r vo 

The parameter p thus reflects not only the friction angle between the 

pile and the soil, but also the ratio of the horizontal and vertical 

effective stresses. 
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Both of the above approaches involve empirical correlations to 

estimate a and p. The existing correlations are related to the undrained 

shear strength of the soil, s . 

Randolph and Wroth (1982) provide an excellent outline of the recent 

developments that have occurred in the effective stress approach to pile 

design.   In particular, they provide some insight into the three main 

events in the history of a driven pile. These are: 

i)  pile installation, 

ii)   consolidation, as excess pore pressure generated during installa- 

tion dissipate, and 

iii)  pile loading. 

Randolph and Wroth (1982) suggest that the design parameters  a  and  P 

should be related to soil overconsolidation ratio (OCR) and hence to the 

s /o'  ratio and provide tentative design charts. However, more data from 
u vo r 6 ' 

pile tests are needed to confirm their design charts. 

The improvements in understanding of the performance of piles using 

effective stress concepts may not lead to radical changes in empirically 

based design rules, but will increase confidence in those design rules and 

their ability to extrapolate them to new situations. 

5.3.2. Piles in Sand 

One of the major problems with the prediction of pile capacity in 

sands is associated with the large variety of pile installation techniques 

and their influence on the ultimate capacity. Sands are very sensitive to 

variations in cyclic or vibration loading. Thus, CPT related methods 

should take account of installation technique for the prediction of 
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ultimate capacity.  However, these effects are often difficult to quantify 

and further research is required in this direction. 

A large portion of the working load capacity of many driven piles in 

sand comes from end bearing. The scale effects for relating cone data to 

pile end bearing are complex but reasonably well understood. A consistent 

method to account for scale effects was developed by DeBeer (1963). 

Empirical correlations for end bearing were developed in Holland (Heijnen, 

197A) and later confirmed by other investigations (Schmertmann, 1975). A 

recent development in the calculations of pile capacity has been the 

introduction of a correction for overconsolidation and gradation in 

cohesionless soils. The method is based on the results of a number of pile 

load tests in Holland in overconsolidated sands (Beringen et al, 1979). 

However, the major problem in many cases is related to the difficulty in 

estimating the overconsolidation ratio in sand. Conservatism is usually 

applied, especially for shallow penetrations into dense sand layers where 

scale effects predominate. The influence of overconsolidation on pile end 

bearing is one of the reasons a limit value to pile end bearing is usually 

applied. A limit pile end bearing of 150 t/ft2 (15 MN/m3) is generally 

accepted (de Ruiter and Beringer, 1979), although in dense sands cone 

resistance values may be greater than 500 t/ft2 (50 MN/mJ). It is likely 

that in dense normally consolidated sands, higher ultimate end bearing 

values than 150 t/ft2 (15 MN/m2) can occur, but this has not been 

adequately confirmed by load tests (de Ruiter, 1982). 
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5.3.3. CPT Design Methods 

There are many methods available to determine pile capacity from CPT 

data. The three popular direct CPT methods for driven piles are those 

described by de Ruiter and Beringen (1979), Schmertmann (1978a) and LCPC 

(1982). A summary of these three main methods for using CPT data to 

predict vertical pile capacity is given in the following sections. A 

worked example for each is given in the Worked Examples Volume. 

European Method (de Ruiter and Beringen, 1979) 

The CPT method used in Europe and especially for design of piles in 

the North Sea is summarized in Table 5.1. 

The unit end bearing for piles in sand is based on pile load test data 

and is governed by the q in a zone of between 0.7D to AD (where D = pile 

diameter) below the pile tip and 8D above the pile tip, as shown in Fig. 

5.2. 

Schmertmann Method (1978a) 

The Schmertmann CPT method for design of piles is summarized in Table 

5.2. The pile tip resistance in sand is the same as that recommended by de 

Ruiter and Beringen (1979) using Fig. 5.2. Shaft friction in sands is 

estimated using Fig. 5.3 where D/B is pile length to width ratio, and in 

clay using Fig. 5.4. 

LPC Method (Bustamante and Gianeselli, 1982) 

The method developed at LCPC (France) is summarized in Tables 5.3, 

5.4, and 5.5. The unit end bearing is calculated using an equivalent cone 

resistance at the pile tip, as shown in Fig. 5.5. 

Generally, it is recommended to use all three methods and the lowest 

value of ultimate capacity should be adopted. 
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5.3.A. Factor of Safety 

The choice of factor of safety to be applied to the calculated 

ultimate pile capacity depends on many factors, including reliability and 

sufficiency of the site investigation data, confidence in the method of 

calculation, previous experience with similar piles in same ground 

conditions and whether or not pile loading tests are to be performed. 

Where there are appreciable differences in CPT profiles, a reasonable lower 

bound profile should be adopted or the site should be divided into similar 

regions. In cases where no specific estimate of settlement is to be made, 

the factor of safety may also be intended to limit settlements to 

reasonable values. In which case due allowance should be made for the 

type of loading, which may affect settlement; i.e., cyclic live loads will 

give larger settlements than single (or few) load applications, 

particularly if the live load is large compared with the dead load. 

The recommended factors of safety for the above CPT methods are 2.25 

for standard electric CPT and 3.0 for mechanical CPT. The LCPC Method 

recommends a factor of safety of 2 for skin friction and 3 for point 

resistance (standard electric CPT). 

5.3.5. Non-displacement Piles (Bored Piles) 

Non-displacement piles include bored cast-in-situ piles, precast piles 

placed in a pre-bored hole, piles placed with the aid of jetting and piles 

constructed by pumping grout through the hollow stem of a continuous-flight 

auger.  With bored piles, horizontal stresses will decrease rather than 
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SAND CLAY 

Unit Skin Friction, Minimum of: 

f 
P 

f1 = 0.12 MPa (1.2 t/ft*) f = a s 
u 

f. = CPT sleeve friction, f where: 

f. = q /300 (compression) a = 1 for N.C. Clay 

f, = q /A00 (tension) = 0.5 for O.C. Clay 

Unit End Bearing, Minimum: 

s q from Fig. 5.2 q = N 's 
T>   c u 
where: 

Nc = 9 

su = qc/Nk' Nk = 15 t0 20 

TABLE 5.1: European CPT Design Method 

(After de Ruiter and Beringer, 1979) 
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•   (I   •   II ) / 2 + III 

Kty 

D 
I 

II 

III 

Diametir of th« pile 
Avtrag* eon* rasistanct halow the tip of th« pi la ovtr a depth 
which may vary batwaan 0.7D and 4D 
Minimum con* rasistanc* racordad balow tha pila tip ovar tha 
uma dapth of 0.7D to 4D 
Avaraga of tha anvalopa of minimum eona rasistaneas racordad 
abova tha pila tip ovar a haight which may vary batwaan 60 and 
80. In datarmining this anvalopa, values abova tha minimum 
value selected under 11 are to be disregarded 
Ultimata unit point resistance of tha pile 

20 r 
Limit value is IS MN/m2 

for all cohetionlwi toils 

10 15 20 25 30 
THEORETICAL POINT RESISTANCE qt ( MN/m* ) 

35 

Figure 5.2  Application of CPT to Pile Design (After de Ruiter 
and Beringer, 1979) 
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SAND CLAY 

Unit Skin Friction, Minimum of: 

8D        L 
f = K[ I   (foJ-f +1  • f ] 
1     o 8D  S  8D   S 

Minimum of: 

f 
P 

f, = a's (see Fig. 5.A) 

where: f2 = X(p' + 2iu) 

K = ratio of f /fg (Fig.5.3) where: 

i = depth to f considered p' = ave. o' along pile 

length 

D = pile width 

L = pile length 

s = ave. s along pile 

length 

f2 = 0.12 MPa (1.2 t/ft*) X = 0.3 for L/B = 10 

=0.2 for L/B = 20 

f3 = C * qc 
= 0.1A for L/B > 60 

C 8D ,       L 
f, = a'[I  (—)• f + Z fj 
J     o  8D   S  8D S 

Precast concrete     0.012 
Concrete enlarged base 0.018 

Steel displacement    0.012 

Open-ended steel     0.008 

For tension capacity take 

f = 0.7 fp 

Unit End Bearing, Minimum a from Fig. 5.2 

s 

TABLE 5.2: Schmertmann CPT Design Method 

(After Schmertmann 1978a) 
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a= J.D 
2 

<lc» 07 qc^ 5Z_^i3qca 

qca 

Figure 5.5    LCPC CPT Method to Determine Equivalent 
Cone Resistance at Pile Tip 
(After Bustamante and Gianeselli, 1982) 
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Unit Skin Friction 

f 
P 

Sand and Clay 

qc 
f - „        a = friction coefficient 
P   a 

(Table 5.5) 

Unit End q_ = k 'q 
^p   c Mca 

q  = equivalent cone resistance at level 

of pile tip (Fig. 5.5) 

k = bearing capacity factor (Table 5.A) 

TABLE 5.3:. LCPC CPT Method 

(Bustamante and Gianeselli, 1982) 
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Nature of Soil 
qc 

(MPa) 

Factors k 
c 

Group I Group II 

Soft clay and mud 

Moderately compact clay 

Silt and loose sand 

Compact to stiff clay and compact silt 

Soft chalk 

Moderately compact sand and gravel 

Weathered to fragmented chalk 

Compact to very compact sand and gravel 

<1 
1 to 5 

55 

>5 

55 

5 to 12 

<5 

<12 

0.4 

0.35 

0.4 

0.45 

0.2 

0.4 

0.2 

0.3 

0.5 

0.45 

0.5 

0.55 

0.3 

0.5 

0.4 

0.4 

Group I - Plain bored piles 
Mud bored piles 
Micro piles (grouted under low pressure) 
Cased bored piles 
Hollow auger bored piles 
Piers 
Barrettes 

Group II - Cast screwed piles 
Driven precast piles 
Prestressed tubular piles 
Driven cast piles 
Jacked metal piles 
Micropiles (small diameter piles grouted under high pressure 

with diameter <250 mm) 
Driven grouted piles (low pressure grouting) 
Driven metal piles 
Driven rammed piles 
Jacked concrete piles 
High pressure grouted piles of large diameter 

TABLE 5.4: Bearing Capacity Factors, kf 
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Nature of Soil ^c 

(MPa) 

Coefficients, a Maximum Limit of f  (MPa) 

Category 

I II I II III 

A B A B A B A B A B 

Soft clay and mud <1 30 30 30 30 0.015 0.015 0.015 0.015 0.035 

Moderately compact 
clay 

1 to 5 40 80 40 80 0.035 
(0.08) 

0.035 
(0.08) 

0.035 
(0.08) 

0.035 0.08 *0. 12 

Silt and loose sand £5 60 150 60 120 0.035 0.035 0.035 0.035 0.08 

Compact to stiff 
clay and compact 
silt 

>5 60 120 60 120 0.035 
(0.08) 

0.035 
(0.08) 

0.035 
(0.08) 

0.035 0.08 ;>0 20 

Soft chalk 55 100 120 100 120 0.035 0.035 0.035 0.035 0.08 

Moderately compact 
sand and gravel 

5 to 12 100 200 100 200 0.08 
(0.12) 

0.035 
(0.08) 

0.08 
(0.12) 

0.08 0.12 *0 20 

Weathered to frag- 
mented chalk 

>5 60 80 60 80 0.12 
(0.15) 

0.08 
(0.12) 

0.12 
(0.15) 

0.12 0.15 iO 20 

Compact to very 
compact sand and 
gravel 

>12 150 300 150 200 0.12 
(0.15) 

0.08 
(0.12) 

0.12 
(0.15) 

0.12 0.15 20 20 

CATEGORY: 
IA - Plain bored piles                   IIB - Driven metal piles 

Mud bored piles                        Jacked metal piles 
Hollow auger bored piles 
Micropiles (grouted under low pressure) 
Cast screwed piles                 IIIB - High pressure grouted piles 
Piers                                   with diameter >250 mm 
Barettes                                Micro piles grouted under high 

pressure 
IB - Cased bored piles 

Driven cast piles                  Note: 

IIA - Driven precast piles 
Prestressed tubular p] 
Jacked concrete piles 

IIIA - Driven grouted piles 
Driven rammed piles 

Max. limit unit skin friction, f_: 
lies            bracket values apply to careful 

execution and minimum disturbance 
of soil due to construction. 

TABLE 5.5:  Friction Coefficient, a 
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increase as they do with a displacement pile. With pre-bored or jetted 

piles any increase in stress will be less than will occur with a driven 

parallel-sided pile, the reduction depending on the extent to which the 

pile is driven below the pre-bored or jetted depth. Stress increase may 

also be less with a pile which is vibrated into the ground or is cast 

within a vibrated open-ended casing. Itence, non- displacement piles should 

have lower shaft resistance than displacement piles of the same diameter 

considering this factor only. However, the soil/pile interface is much 

rougher which compensates. In bored piles there may also be a reduction in 

end bearing capacity because of loosening of soil below pile tip level, but 

then the tip might be enlarged which again partially compensates. 

Although some bored piles have been constructed in the Netherlands in 

recent years, they are few in number compared with driven piles, and hence 

there is no large body of experience for bored piles as there is with 

driven piles. Pile capacities of non-displacement piles are sometimes 

calculated by the CPT methods (see Section 5.3.3), but a higher factor of 

safety is often applied. The LCPC method was based on the results of 55 

bored piles and is therefore recommended for bored piles. 

Because of the uncertainties concerning non-displacement piles, 

especially in sand, and the considerable effect that installation 

procedures can have on bearing capacity and settlement, it is recommended 

that pre-construction pile load tests should be performed. It may be 

feasible to dispense with these on very small projects where there is 

considerable local experience, but in such cases factors of safety should 

be increased by some 50 percent. 
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5.3.6.  Settlement of Piles 

Although installation, of piles changes the deformation and 

compressibility characteristics of the soil mass governing the behaviour of 

single piles under load, this influence extends only a few pile diameters 

below the pile tip. Meyerhof (1976) therefore suggests that the total 

settlement of a group of driven or bored piles under safe design load (not 

exceeding about one-third the ultimate group capacity) can generally be 

estimated, assuming an equivalent foundation (Terzaghi and Peck, 1967). 

For a group of shaft resistance piles, the equivalent foundation is 

assumed to act on the soil at an effective depth of two-thirds the pile 

embedment. For a group of point-bearing piles the equivalent foundation i? 

taken at the elevation of the pile points. 

Meyerhof (1976) suggested the following relationship to estimate the 

settlement of pile groups in sand. 

P •B«I 
S = —  (5.A) 

2»q Mc 

where   q = average q within zone of settlement 

B • width of pile group 

P • net foundation pressure 

I = influence factor of effective group embedment 

D' 

D' = effective embedment. 
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This formula is an extention of Meyerhof's relationship for shallow 

foundations on sand (see Section 5.2.1). 

If the thickness of sand below the effective foundation depth is less 

than the foundation width (B) , the estimated settlement can be reduced 

approximately linearly with the corresponding stratum thickness. 

If  the  sand  is  overconsolidated,  the above relationship will 

considerably overestimate settlement, similar to the influence of OCR on 

the E/q ratio (see Section 4.A.3). 
c 

The settlement of a pile group in clay or above a clay stratum is 

estimated from the initial deformation (E ) and consolidation properties 

(m ) of the clay and treating the foundation as an equivalent foundation as 

mentioned for pile groups in sand. The rate of settlement for pile groups 

in clay is controlled by the coefficient of consolidation of the deposit, 

similar to shallow foundation (see Section 5.2). 

A recent publication by Fellenius (1989) suggests that all piles will, 

in the long term, be subjected to downdrag along their upper portions due 

to relative settlements of the surrounding soil. Fellenius (1989) suggests 

a unified approach to pile design incorporating downdrag. 
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5.3.7. Negative Shaft Friction (Downdrag) 

Negative shaft friction and subsequent dragload are rarely a problem 

of capacity but one of settlement. The magnitude of the dragload generally 

has no influence on the bearing capacity of a pile, since the capacity of a 

pile is based on a plunging failure when the pile is assumed to be moving 

down relative to all the soil. Exceptions to this are end bearing piles 

driven into a very strong layer such as rock where large negative friction 

forces can cause damage to the piles. In general, a rigid, high capacity 

pile will experience a large dragload, but small settlements, whereas a 

less rigid, smaller capacity pile will experience a smaller dragload, but 

larger settlements. No pile will settle more than the ground surface 

nearest the pile.  For further details, see Fellenius (1989). 

5.4. Embankment and Slope Stability 

The stability of slopes and embankments depends upon the shear 

strength of the soil. For embankments placed on soft, low permeability 

soils (clays, silts, etc.), the stability is usually assessed using a total 

stress analysis. Thus, the key parameter is the relevant undrained shear 

strength. A full discussion on the design of embankments is beyond the 

scope of this report. The reader is, therefore, encouraged to read the 

re6ent Terzaghi lecture by C.C. Ladd (1986). 

The CPT is ideally suited to a preliminary evaluation of stability 

along a proposed embankment route. Critical areas, defined by the CPT, may 

require selective testing (field vane test) or sampling. 
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Details on the evaluation of undrained shear strength and friction 

angle are given in Sections A.5.1 and 4.A.2. 

5.5. Seismic Liquefaction Assessment 

Some of the most comprehensive recent work on liquefaction assessment 

has been reported by Seed (1979, 1981, 1985). The method suggested by Seed 

involves two parts: 

i) Estimate of the average cyclic stress ratio, x/o' , developed in 

the field due to earthquake shaking. 

ii) Estimate of the average cyclic stress ratio to cause liquefaction 

of the soil, T./O' 
I    vo 

The cyclic stress ratio developed in the field due to earthquake shaking 

can be computed from an equation of the form: 

a o 
/i          n    /• r   maX O                                   / r  r \ 

T/O'  = 0.65     • r, (5.5) 
vo ,    d 

g o' 6 vo 

where  a    = maximum acceleration at the ground surface, 
max 

0 = total overburden pressure on sand layer under condolida- 

tion 

01 = initial effective overburden pressure on sand layer under 

consideration, 

r,   = a stress reduction factor varying from a value of 1 at the 

ground surface to a value of 0.9 at a depth of about 

(10 m) 30 ft. 
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A convenient relationship proposed by the Japanese (Iwasaki et al, 1981) 

for the reduction factor, r, is given by: 

r, = 1 - 0.015 z (5.6) 

where z is the depth in meters. 

The current practise in North America for the determination of the 

cyclic stress ratio to cause liquefaction of the soil is either: 

i) by use of field correlations using in-situ tests, 

or ii) by means of laboratory tests on representative samples of the soil 

deposit. 

Because of the great difficulty in obtaining undisturbed samples of sand 

deposits, most engineers prefer to adopt the field performance correlation 

approach, (Peck, 1979). 

The existing field correlation most widely used is that proposed by 

Seed (1979) and Seed et al (1985) which involves the Standard Penetration 

Test (SPT). Recent work (Zhou, 1980; Douglas et al 1981; and Robertson and 

Campanella, 1985; Seed et al, 1983) has shown that similar correlations 

can be developed using the static cone penetration test (CPT). 

The work by Douglas et al (1981) involved conversion of CPT data to 

equivalent SPT blowcounts. The work by Zhou (1980) and Robertson and 

Campanella (1985) involves a direct correlation between cone resistance and 

cyclic stress ratio to cause liquefaction. The correlation by Zhou (1980) 

is based on data from Chinese earthquakes using an electric cone that is 

different in dimensions and design than the European standard and thus may 

not be completely valid for standard electric cone data. The correlation 

proposed by Robertson and Campanella (1985) is shown in Fig. 5.6.  Values 
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of average cyclic stress ratio to cause liquefaction or 10 percent peak to 

peak strain in 15 cycles are plotted as a function of the normalized 

penetration resistance Q . This is similar in form to the correlation 

proposed by Seed using the normalized SPT blowcount, N,. In this form, 

the measured cone resistance, q , is corrected to an effective overburden 

pressure of 100 kPa (1 kg/cm2) and can be determined from the relationship: 

Qc - CQ • qc (5.7) 

where C is a function of the effective overburden pressure at the depth 

where the penetration test is conducted. The values of C- can be read 

from the chart shown in Fig. 5.7, which is based on a review of large 

calibration chamber test results (Baldi et al, 1982). 

The correlation proposed by Seed et al (1985) is based on a direct 

correlation with their previous SPT method. The resulting design curves 

are very similar to those shown in Figs. 5.6 and 5.7. However, the latest 

correlation (Seed et al, 1985) uses the SPT N-value corrected to an average 

energy level of 60%, (Nj)^. This allows more confidence in the conversion 

of CPT-QC to SPT-(N1)60 using the proposed qc/N ratios in Figure A.21. 

The CPT methods proposed by Robertson and Campanella (1985) and Seed 

et al (1983) can be used in the same way as the SPT method. For any given 

site with level ground and a given value of maximum ground surface 

acceleration, the possibility of cyclic mobility or liquefaction is 

evaluated on an empirical basis with the aid of Figs. 5.6 and 5.7 by 

determining the appropriate values of Q for the sand deposit and obtaining 

lower bound values of the cyclic stress ratio, T^/O* , to cause 
S  vo 
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liquefaction, and comparing these values with that induced by the design 

earthquake (T/O* ). 

In a similar manner to that proposed by Seed et al (1983) the 

correlations shown in Fig. 5.6 applies to sands with an average grain size, 

D50 > 0.25 mm. For silty sands and silts that plot below the A-line on the 

plasticity chart and with a D50 < 0.15 mm, Robertson and Campanella 

(1983) have also proposed a second correlation (see Fig. 5.6), similar to 

Seed and Idriss (1981). 

Seed and Idriss (1981) proposed, based on recent studies in China, 

that certain clayey soils may be vulnerable to severe strength loss as a 

result of earthquake shaking. These soils appear to have the following 

characteristics: 

Percent finer than 0.005 mm < 15% 

Liquid Limit < 35 

Water Content > 0.9 x liquid limit 

(i.e. Liquidity Index close to 1.0) 

It is interesting to note that these soil types tend to plot in the lower 

left corner of the classification chart, shown on Fig. 4.1 (Douglas and 

Olsen, 1981).  These soil types have a liquidity index close to one and 

tend to generate high positive pore pressures during shear. 

To identify sand and silts that may be liquefiable, use can be made of 

the classification chart shown in Fig. 5.8.  Work by Douglas (1982) and 

experience at UBC would suggest that soils susceptable to liquefaction fall 

within an area on the soil classification chart designated Zone A.  Loose 

clean quartz sands with a D,. £ 0.25 mm tend to fall within the upper 

area of Zone A with 30 bar < q < 150 bar and friction ratio.  R, £ 
c '  f 
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1.0. Soils that fall within the lower area of Zone A are the loose silty 

sands and silts, since a decrease in mean grain size tends to cause a 

decrease in penetration resistance. These soils tend to have higher 

resistance to liquefaction for the same penetration resistance values and 

tend to develop more pore pressures during penetration because of their 

lower permeability. Soils that fall outside of zone A, and have higher 

friction ratios, will tend to have a higher resistance to cyclic loading. 

However, the size of the cyclic loading (earthquake) will control their 

final susceptibility to liquefaction. 

The correlations proposed for the CPT data and shown in Fig. 5.6 are 

based on empirical relationships supported by a limited number of field and 

laboratory data points and should therefore, at present, be used only as an 

estimate of liquefaction potential. Field performance data from Japan 

(Shibata, 1985) shows that the correlation does appear reasonable. The CPT 

does have the advantage of providing a continuous and repeatable measure of 

penetration resistance and with experience should prove a valuable tool for 

in-situ assessment of liquefaction resistance. 

The existing SPT and CPT methods use the penetration resistance to 

assess liquefaction resistance in sands and silty sands. However, in 

silts, and to come extent silty sands, penetration often takes place under 

undrained conditions and large pore pressures can be generated. The 

penetration resistance in these soils is often extremely small and becomes 

sensitive to instrument or test errors. Also, these methods that use 

penetration resistance cannot be applied directly to problems where static 

shear exists, such as sloping ground or adjacent to structures. 
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For soils with static shear, the volume change characteristics are 

very important. The concept of a dilative or contractive soil is embodied 

in the steady-state approach to seismic liquefaction (Castro, 1975). For 

sloping ground conditions, the concept of Steady State Strength (Castro, 

1975; Poulos, 1981) is more applicable. The Steady State Line (SSL) 

represents a condition of zero dilation during shear (Poulos, 1981). 

However, the major drawback of this approach is the requirement to measure 

the in-situ void ratio, e, or relative density, Dr. This has proven to 

be an extremely difficult task since it usually involves the use of 

undisturbed samples and laboratory testing. However, several correlations 

have recently been developed to correlate CPT data directly to Steady State 

concepts (Been and Jefferies, 1985). The approach developed by Been and 

Jefferies (1985) has used a 'State Parameter1, i|). The state parameter, \j), 

is then correlated directly to cone penetration resistance, q , using 

existing calibration chamber results on different sands. Robertson (1986) 

has developed an approach which is similar to that of Been et al (1985) but 

uses dilation angle, v, (see Fig. 5.9). The dilation angle is derived from 

existing correlations between cone penetration resistance and friction 

angle and uses the concept of stress dilatancy (Rowe, 1962). 

The concept of liquefaction proposed by Castro (1975) for soils 

subjected to static shear, implies that soils that exist to the right of 

the steady state line (i.e., contractive) may liquefy and flow. However, 

the methods by Been et al (1985) and Robertson (1985) show that only 

extremely loose sands exist on the contractive side of the steady state 

line.  Therefore, for most sands where q 2: 40 t/ft2 flow liquefaction 
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is unlikely and deformation developing during cyclic loading becomes 

critical (i.e., cyclic mobility). 

The concept of assessing deformation due to cyclic loading has been 

incorporated into the latest "liquefaction" curves developed by Seed et al 

(1984). 

The recent addition of continuous pore pressure measurements has 

improved the interpretation and understanding of CPT data for liquefaction 

assessment. Pore pressure parameters (B ) provide an indication of both 

the volume change characteristics and relative permeabiilty. The pore 

pressure parameter is useful in the fine grained soils such as silty sands 

and silts where the relative permeability is low enough to enable 

significant pore pressure response to be measured. From the standpoint of 

liquefaction resistance, volume change characteristics are very important. 

Nobody has yet completely quantified the measured pore pressure 

response during cone penetration to liquefaction resistance. Recent work 

by Campanella et al, (1983) has shown that the differential pore pressure 

ratio can provide an excellent indicator of changes in liquefaction 

resistance in silts after compaction. However, the location of the pore 

pressure element is extremely important. It has been demonstrated that the 

location of the porous element immediately behind the cone tip encourages 

the measurement of low or negative dynamic pore pressures in fine sands and 

silts which appear to reflect the volume change character of the soil under 

shear which is essential in assessing susceptibility to liquefaction. 

A new approach to liquefaction analysis using CPT data has been 

proposed by Olsen (198A). This approach also uses a SPT-CPT correlation 

similar to that proposed by Seed et al (1983) and Robertson and Campanella 
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(1985), but includes the friction sleeve stress, f , as a measure of soil 
s 

sensitivity. This approach appears to be highly sensitive to the accuracy 

of the CPT friction measurement, which is known to be highly variable for 

cones of different designs. Olsen's approach is essentially very similar 

to the approach shown in Figs. 5.6, 5.7 and 5.8 in that low bearing soils 

(silts) with high friction stress (i.e. high friction ratio) have a higher 

resistance to liquefaction than a soil with the same friction but somewhat 

higher bearing (i.e., sand with smaller friction ratio). 

5.6. Other Applications 

5.6.1. General 

The CPT is often an ideal tool for evaluating many aspects of a soil 

investigation. However, for optimum use of CPT data for various applica- 

tions, it is always important to remember the factors that influence the 

interpretation of the data. The significant factors that influence CPT 

data in sands are, in-situ stress (o' ), compressibility, density, and 

cementation. 

A common problem in applying CPT data in sands is the investigation of 

sand density. As discussed at length in section A.A.I, relative density is 

a poor parameter to represent the behaviour characteristics of a sand. It 

is also a very difficult parameter to measure in-situ since no unique 

relationship exists between cone resistance and relative density for all 

sands. The relationships are influenced significantly by soil compressi- 

bility and in-situ horizontal stress. The final application for many 

problems in sand relate to the shear strength. Thus, it is often more 

logical to investigate the shear strength or friction angle, 4>, of a sand, 
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rather than relative density.  The friction angle correlations are much 

less influenced by soil compressibility and in- situ stress. 

In many cases the interpretation of CPT data to estimate intermediate 

parameters, such as, density or friction angle, is unnecessary if the cone 

data is affected in the same manner as the soil characteristic being 

investigated. A good example of this approach is the assessment, of 

liquefaction resistance in sands using cone penetration resistance. The 

liquefaction resistance and cone resistance both increase with increasing 

soil density, K , aging and prior seismic history. Often the CPT data can 

be correlated directly to the soil characteristic required. 

5.6.2. Compaction Control 

CPT data has been found to be extremely useful for evaluation of deep 

compaction techniques such as, vibroflotation, dynamic compaction, 

vibratory rollers and vibrocompaction (stone columns). However, as 

mentioned above, cone resistance is influenced by soil density and in-situ 

stresses. Most of the deep compaction techniques induce significant 

changes in the horizontal stresses. However, the ultimate aim of most 

compaction techniques are usually to improve the soil strength or resist- 

ance to some loading condition or to improve the soil compressibility 

characteristics. Thus, after suitable calibration the CPT data can be used 

directly to monitor changes in these behaviour characteristics. Sometimes 

this may involve the use of the term 'apparent relative density', since the 

real relative density is not known or required but the apparent change in 

relative density is of more importance. 
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Recent studies have also shown the importance of time effects after 

deep compaction techniques. Cone resistance values have been observed to 

increase several weeks after compaction of clean sands (Mitchell, 1986, 

Schmertmann et al, 1986). This behaviour appears to be more pronounced 

after deep compaction by blasting dynamic compaction and vibro-densifica- 

tion and appears to be related to the structure and cementation of the 

sand. 

5.6.3. Other Applications 

Other applications of CPT data include: 

i)  checking the adequacy and uniformity of placed fill 

ii)  locating bedrock 

iii) checking the amount of undesirable material for excavation 

iv) locating cavities in soft rocks, e.g. chalk 

v)  locating permafrost 

vi) pipeline investigations. 

5.7. Summary - Design 

5.7.1. General 

Fig. 5.10 summarizes the basic concepts followed when using CPT data 

for geotechnical design. 

5.7.2. Shallow Footings (Section 5.2) 

•   Shallow Foundations on Sand 

Safe Bearing Capacity: 

1.  Use standard bearing capacity formula and bearing capacity 

factors (Terzaghi and Peck, 1967). 
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Settlements: 

1. Convert q to equivalent SPT N value (Fig. A.21 with Fig. 

4.2). 

2. Use Fig. 5.1 (Burland et al, 1977) for approximate estimate 

(or see Burland and Burbidge, 1984, 1985) 

or 

3. Directly from CPT using (Meyerhof, 1974) 

P 'B 
S --S- 

^c 

or 

where  S = settlement 

P = net applied loading 

B = footing width 

q = average value of q over a depth equal to B 

4.  Detail calculation using Schmertmann (1970) method: 

I 'Az 

where  C1 = depth to base of footing correction 

= 1 - 0.5 -j—      where: o' = at footing depth 

Cj = long term creep correction 

= 1 + 0.2 log (t»10) where t = time in years 
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C, = shape correction 

= 1.0 circular footing 

= 1.75 strip footing 

= 1.25 square footing 

A- = net footing pressure 

I = strain influence factor z 

Az = soil layer thickness 

q = cone bearing 

a = empirical factor 

= 2.5 to 3.5 (recent N.C. silica sand, age <100 

yrs) 

= 3.5 to 6.0 (N.C. aged silica sand, age >3000 

yrs) 

= 6.0 to 10.0 (O.C. silica sands) 

Based on load increment between 1 t/ft2 and 3 t/ft*. 

•   Shallow Footings on Clay 

Safe Bearing Capacity 

1.  Use standard bearing capacity formula (Skempton 1951) and s 

calculated from CPT data (Section 4.5.1). 

Settlements: 

1.  Use standard settlement calculation (i.e., Skempton and 

Bjerrum, 1957) and E  and m estimated from q  (Section 
u     v ^c 

A.5.A). 
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5.7.3. Deep Foundations (Section 5.3) 

Estimate axial pile capacity using empirical direct CPT methods: 

1. European Method (deRuiter and Beringen, 1979) 

2. Schmertmann (1978) . 

3. LCPC (Bustamante and Gianesalli, 1982). 

Generally, it is recommended.to use all three methods and select the 

lowest capacity. Generally,, a factor of safety of 2.25 is applied for 

electronic CPT data. . . 
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Deep, Quasi-Static, Cone and Friction-Cone Penetration Tests 
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1. Scope 

1.1 This test method covers the determination of end 
bearing and side friction, the components of penetration 
resistance which are developed during the steady slow 
penetration of a pointed rod into soil. This method is 
sometimes referred to as the "Dutch Cone Test," or "Cone 
Penetration Test" and is often abbreviated as the UCPT." 

1.2 This test method includes the use of both cone and 
friction-cone penetrometers, of both the mechanical and 
electric types. It does not include data interpretation. It also 
includes the penetrometer aspects of piezocone soundings, 
but does not include the details of piezometer construction, 
location, measurement, or data interpretation. 

NOTE 1—The European Standard for the CPT uses a tip of right 
cylindrical shape as shown in Fig. 3, as their reference test against which 
other CPTs may be compared. 

1.3 Mechanical penetrometers of the type described in 
this method operate incrementally, using a telescoping 
penetrometer tip, resulting in no movement of the push rods 
dunng the measurement of the resistance components. 
Design constraints for mechanical penetrometers preclude a 
complete separation of the end-bearing and side-friction 
components. Electric penetrometers are advanced continu- 
ously and permit separate measurement of both compo- 
nents. Differences in shape and method of advance between 
cone penetrometer tips may result in significant differences 
in one or both resistance components. 

1.4 This standard may involve hazardous materials, oper- 
ations, and equipment. This standard does not purport to 
address all of the safety problems associated with its use. It is 
the responsibility of the user of this standard to establish 
appropriate safety and health practices and determine the 
applicability of regulatory limitations prior to use. 

2. Definitions 

2.1 cone—the cone-shaped point of the penetrometer tip, 
upon which the end-bearing resistance develops. 

2.2 cone penetrometer—an instrument in the form of a 
cylindrical rod with a conical point designed for penetrating 
soil and soft rock and for measuring the end-bearing 
component of penetration resistance. 

2.3 cone resistance or end-bearing resistance. qc—the 
resistance to penetration developed by the cone, equal to the 

' This test method is under the jurisdiction of ASTM Comminee D-18 on Soil 
and Rock and is the direct responsibility of Subcommittee D18.02 on Sampling 
and Related Field Testing for Soil Investigations. 

Current edition approved Oct. 31. 1986. Published December 1986. Originally 
published as D 3441 - 75 T. Last previous edition D 3441 - 79 

vertical force applied to the cone divided by its horizontally 
projected area. 

2.4 cone sounding—the entire series of penetration tests 
performed at one location when using a cone penetrometer. 

2.5 electric penetrometer—& penetrometer that uses elec- 
tric-force transducers built into a nontelescoping penetrom- 
eter tip for measuring, within the tip, the component(s) of 
penetration resistance. 

2.6 friction-cone penetrometer—a cone penetrometer with 
the additional capability of measuring the local side friction 
component of penetration resistance. 

2.7 friction-cone sounding—the entire series of penetra- 
tion tests performed at one location when using a friction- 
cone penetrometer. 

2:8 friction ratio. R,—the ratio of friction resistance to 
cone resistance,/,/^ expressed in percent. 

2.9 friction resistance, f,—the resistance to penetration 
developed by the friction sleeve, equal to the vertical force 
applied to the sleeve divided by its surface area. This 
resistance consists of the sum of friction and adhesion. 

2.10 friction sleeve—a section of the penetrometer tip 
upon which the local side-friction resistance develops. 

2.11 inner rods—rods that slide inside the push rods to 
extend the tip of a mechanical penetrometer. 

2.12 mechanical penetrometer—a penetrometer that uses 
a set of inner rods to operate a telescoping penetrometer tip 
and to transmit the component(s) of penetration resistance 
to the surface for measurement. 

2.13 penetrometer tip—the end section of the penetrom- 
eter, which comprises the active elements that sense the soil 
resistance, the cone, and in the case of the friction-cone 
penetrometer, the friction sleeve. 

2.13.1 Discussion—The addition of a piezometer to the 
electric penetrometer tip permits the measurement of pore 
water pressure during and after stopping tip penetration. A 
penetrometer including a piezometer is known as a piezo- 
cone penetrometer, or just piezocone. 

2.14 piezocone sounding—the entire series of penetration 
tests performed at one location when using a pitzbcone 
penetrometer. 

2.15 push rods—the thick-walled tubes, or other suitable 
rods, used for advancing the penetrometer tip to the required 
test depth. 

3. Significance and Use 

3.1 This test method supplies data on the engineering 
properties of soil intended to help with the design and 
construction of earthworks and the foundations for struc- 
tures. 
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3.2 This test method tests the soil in place and does not 
obtain soil samples. The interpretation of the results from 
this method requires knowledge of the types of soil pene- 
trated. Engineers usually obtain this soil information from 
parallel borings and soil sampling methods, but prior infor- 
mation or experience may preclude the need for borings. 

3.3 Engineers often correlate the results of tests by this test 
method with laboratory or other types of field tests, or 
directly with performance. The accuracy of such correlations 
will vary with the type of soil involved. Engineers usually rely 
on local experience to judge this accuracy. 

3.4 Most engineers with offshore experience have also 
found this test method suitable for offshore use. 

4. Apparatus 
4.1 General: 
4.1.1 Cone—The cone shall have a 60* (±5*) point angle 

and a base diameter of 1.406 ±0.016 in. (35.7 ± 0.4 mm), 
resulting in a projected area of 1.55 in.2 (10 cm2). The point 
of the cone shall have a radius less than '/»in. (3 mm). 

NOTE 2—Cone tips with larger end areas may be used to increase 
measurement sensitivity in weak soils. Experience with electrical tips 
with end area between 0.78 in.2 (5 cm2) and 3.10 in.2 (20 cm2) has 
shown that they produce data similar to the 1.55 in.2 (10 cm2) standard 
provided they maintain the same tip geometry. Cone tip sizes in this 
range may be used for special circumstances provided the cone tip and 
friction sleeve (if any) area is noted. 

4.1.2 Friction Sleeve, having the same outside diameter 
+0.024 to -0.000 in. (+0.5 to -0.0 mm) as the base 
diameter of the cone (see 4.1.1). No other part of the 
penetrometer tip shall project outside the sleeve diameter. 
The surface area of the sleeve shall be 23.2 in.2 (150 cm2) 
±2%. 

4.1.3 Steel—The cone and friction sleeve shall be made 
from steel of a type and hardness suitable to resist wear due 
to abrasion by soil. The friction sleeve shall have and 
maintain with use a roughness of 20 jiin. (0.5 \im) AA, 
±50%. 

4.1.4 Push Rods—Made of suitable steel, these rods must 
have a section adequate to sustain, without buckling, the 
thrust required to advance the penetrometer tip. They must 
have an outside diameter not greater than the diameter of the 
base of the cone for a length of at least 1.3 ft (0.4 m) above 
the base, or, in the case of the friction-cone penetrometer, at 
least 1.0 ft (0.3 m) above the top of the friction sleeve. Each 
push rod must have the same constant inside diameter. 
They must screw or attach together to bear against each 
other and form a rigid-jointed string of rods with a contin- 
uous, straight axis. 

4.1.5 Inner Rods—Mechanical penetrometers require a 
separate set of steel, or other metal alloy, inner rods within 
the steel push rods. The inner rods must have a constant 
outside diameter with a roughness, excluding waviness, less 
than 10 jiin. (0.25 ^m) AA. They must have the same length 
as the push rods (±0.004 in. or ±0.1 mm) and a cross section 
adequate to transmit the cone resisunce without buckling or 
other damage. Clearance between inner rods and push rods 
shall be between 0.020 and 0.040 in. (0.5 and 1.0 mm). See 
6.8.1. 

4.1.6 Measurement Accuracy—Maintain the thrust-mea- 
suring  instrumentation   to   obtain   thrust   measurements 

within ±5 % of the correct values. 
NOTE 3—Special, and preferably redundant, instrumentation may be 

required in the offshore environment to assure this accuracy and the 
proper operation of all the remote systems involved. 

4.2 Mechanical Penetrometers: 
4.2.1 The sliding mechanism necessary in a mechanical 

penetrometer tip must allow a downward movement of the 
cone in relation to the push rods of at least 1.2 in. (30.5 mm). 

NOTE 4—At certain combinations of depth and tip resisunce(s), the 
elastic compression of the inner rods may exceed the downward stroke 
that the thrust machine can apply to the inner rods relative to the push 
rods. In this case, the tip will not extend and the thrust readings will rise 
elastically to the end of the machine stroke and then jump abruptly 
when the thrust machine makes contact with the push rods. 

4.2.2 Mechanical penetrometer tip design shall include 
protection against soil entering the sliding mechanism and 
affecting the resistance component(s) (see 4.2.3 and Note 5). 

4.2.3 Cone Penetrometer—Figure 1 shows the design and 
action of one mechanical cone penetrometer tip. A mantle of 
reduced diameter is attached above the cone to minimize 
possible soil contamination of the sliding mechanism. 

NOTE 5—An unknown amount of side friction may develop along 
this mantle and be included in the cone resistance. 

4.2.4 Friction-Cone Penetrometer—Figure 2 shows the 
design and action of one telescoping mechanical friction- 
cone penetrometer tip. The lower part of the tip, including a 
mantle to which the cone attaches, advances first until the 
flange engages the friction sleeve and then both advance. 

NOTE 6—The shoulder at the lower end of the friaion sleeve 
encounters end-bearing resistance. In sands as much as two thirds of the 
sleeve resistance may consist of bearing on this shoulder. Ignore this 
effect in soft to medium clays. 

4.2.5 Measuring Equipment—Measure the penetration 
resistance^) at the surface by a suitable device such as a 
hydraulic or electric load cell or proving ring. 

4.3 Electric Penetrometers: 

35.7 

*35.7mm 

COLLAPSED EXTENDED 

RG. 1   Exampto of • Mechanical Cone Penetrometer Tip (Dutch 
Mantle Cone) 
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FIG. 2    Example of a Mechanical Frtetion-Con« Penatronwtar Tip 
(Begamann Friction-Con«) 

4.3.1 Cone Penetrometer—Figure 3 shows one design for 
an electric-cone penetrometer tip. The cone resistance is 
measured by means of a force transducer attached to the 
cone. An electric cable or other suitable system transmits the 
transducer signals to a data recording system. Electric-cone 
penetrometers shall permit continuous advance and re- 
cording over each push rod-length interval. 

4.3.2 Friction-Cone Penetrometer—The bottom of the 
friction sleeve shall not be more than 0.4 in. (10 mm) above 

the base of the cone. The same requirements as 4.3.1 apply. 
Figure 4 shows one design for an electric friction-cone 
penetrometer tip. 

4.3.3 Other Penetrometers—Electric penetrometers may 
include other transducer measurements as well as, or instead 
of, the friction sleeve measurement. Common ones are 
inclinometers to assist with the alignment control of the tip 
(see 6.3) and piezometers to provide additional data on soil 
stratigraphy and behavior. 

4.4 Thrust Machine—This machine shall provide a con- 
tinuous stroke, preferably over a distance greater than one 
push rod length. The machine must advance the penetrom- 
eter tip at a constant rate while the magnitude of the thrust 
required fluctuates (see 5.1.2). 

NOTE 7—Deep penetration soundings usually require a thrust capa- 
bility of at least 5 tons (45 kN). Most modem machines use hydraulic 
pistons with 10 to 20-ton (90 to 180-kN) thrust capability. 

4.5 Reaction Equipment—The proper performance of the 
static-thrust machine requires a stable, static reaction. 

NOTE 8—The type of reaction provided may affect the peneuometer 
resistance^) measured, particularly in the surface or near-surface layers. 

S. Procedure 
5.1 General: 
5.1.1; Set up the thrust machine for a thrust direction as 

near vertical as practical. 
5.1.2 Rate of Penetration—Maintain a rate of depth 

penetration of 2 to 4 ft/min (10 to 20 mm/s) ±25 % when 
obtaining resisUnce data. Other rates of penetration may be 
used between tests. 

NOTE 9—The rate of 2 ft/rain (10 mra/s) provides the time the 
operator needs to read properly the resistance values when using the 
mechanical friction-cone penetrometer. The rate of 4 ft/min (20 mm/s) 
is suitable for the single resisunce reading required when using the 
mechanical cone penetrometer and provides for the efficient operation 
of electric penetrometen. The European standard requires 4 ft/min (20 
mm/s). 

NOTE 10—Rates of penetration either slower or faster than the 
standard rate may be used for special circumstances, such as pore 
pressure measurements. This is permissible provided the rate actually 
used and the reason for the deviation is noted on the test record. 

L^J^Mss&tesgg*^ 
1 Conical point (10 cm1) 
2 Load eel 
3 Protective mantle 
4' Watenxoof bushing 
5 O-rings 
6 Cable 
7 Strain gages 
8 Connection wrtfi rods 
9 Inclinometer 

FIO. 3   Elactric-Cona Panatromatcr Tip 

416 



# D3441 
A4 

r^mmzz^^^^ 
~*rT7777Z^\^21»*&»*HS232. T yjN^^y^NV,\ 

1 Conical point (10 cm2) 
2 Load cell 
3 Strain gages 
4 Friction sleeve (150 cm2) 
5 Adjustment ring 
6 Waterproof bushing 
7 Cable 
8 Connection with rods 

FIG. 4   Electric Friction-Con* Pcnotromotor Tip 

NOTE 11 —Pore pressures generated ahead of and around the pene- 
trating cone or friction cone penetrometer tip can have an important 
effect on the q, and X values measured. Piezocone tips with simulta- 
neous pore pressure measurement capability have proven useful to help 
evaluate such effects and to provide additional data about the 
stratigraphy and engineering properties of the soils penetrated. 

5.2 Mechanical Penetrometers: 
5.2.1 Cone Penetrometer—(7) Advance penetrometer tip 

to the required test depth by applying sufficient thrust on the 
push rods; and {2) Apply sufficient thrust on the inner rods 
to extend the penetrometer tip (see Fig. 1). Obtain the cone 
resistance at a specific point (see 5.2.3) during the downward 
movement of the inner rods relative to the stationary push 
rods. Repeat step (1). Apply sufficient thrust on the push 
rods to collapse the extended tip and advance it to a new test 
depth. By continually repeating this two-step cycle, obtain 
cone resistance data at increments of depth. This increment 
shall not ordinarily exceed 8 in. (203 mm). 

5.2.2 Friction-Cone Penetrometer—Use this penetrom- 
eter as described in 5.2.1 but obtain two resistances during 
the step (2) extension of the tip (see Figs. 2 and 5). First 
obtain the cone resistance during the initial phase of the 
extension. When the lower part of the tip engages and pulls 
down the friction sleeve, obtain a second measurement of the 
total resistance of the cone plus the sleeve. Subtraction gives 
the sleeve resistance. 

NOTE 12—Because of soil layering, the cone resistance may change 
during the additional downward movement of the tip required to obtain 
the friction measurement. 

NOTE 13—The soil friction along the sleeve puts an additional 
overburden load on the soil above the cone and may increase cone 
resistance above that measured during the initial phase of the tip 
extension by an unknown, but probably small amount. Ignore this 
effect. 

5.2.3 Recording Data—To obtain reproducible cone-re- 
sistance test data, or cone and friction-resistance test data 
when using a friction-cone tip, record only those thrust 
readings that occur at a well-defined point during the 
downward movement of the top of the inner rods in relation 
to the top of the push rods. Because of the elastic compres- 
sion of inner rods (see Note 4), this point ordinarily should 
be at not less than  1.0 in. (25  mm) apparent relative 

movement of the inner rods. When using the friction-cone 
penetrometer, this point shall be just before the cone engages 
the friction sleeve. 

NOTE 14—Figure 5 shows one example of how the thrust in the 
hydraulic load cell can vary during the extension of the friction-cone tip. 
Note the jump in gage pressure when the cone engages the sleeve. 

5.2.3.1 Obtain the cone plus friction-resistance reading as 
soon as possible after the jump so as to minimize the error 
described in Fig. 5. Unless using continuous recording as in 
Fig. 5, the operator should not record a cone plus friaion 
resistance if he suspects the cone resistance is changing 
abruptly or erratically. 

5.3 Electric Penetrometers: 
5.3.1 If using continuous electric cable, prethread it 

through the push rods. 
5.3.2 Record the initial reading(s) with the penetrometer 

tip hanging freely in air or in water, out of direct sunlight, 
and after an initial, short penetration, test hole so that the tip 
temperature is at soil temperature. 

5.3.3 Record the cone resistance, or cone resistance and 
friction resistance, continuously with depth or note them at 
intervals of depth not exceeding 8 in. (203 mm). 

5.3.4 At the end of a sounding, obtain a final set of 
readings as in 5.3.2 and check them against the initial set. 
Discard the sounding, and repair or replace the tip if this 
check is not satisfactory for the accuracy desired for the 
resistance component(s). 

6. Special Techniques and Precautions 
6.1 Reduction of Friction Along Push Rods—The purpose 

of this friction reduction is to increase the penetrometer 
depth capability, and not to reduce any difTerences between 
resistance components determined by mechanical and elec- 
tric tips as noted in 1.3. To accomplish the friction reduc- 
tion, introduce a special rod with an enlarged diameter or 
special projections, called a "friction reducer," into the string 
of push rods or between the push rods and the tip. Another 
allowable method to reduce friction is to use push rods with 
a diameter less than that of the tip. In accordance with 4.1.4, 
any such projections or changes in diameter must begin no 
closer than 1.0 ft (0.3 m) from the base of the cone or the top 
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STEADY STATE AFTER SLEEVE 
ENGAGED (IN THIS CASE STILL 
A SLOW INCREASE IN COC RE- 
SISTANCE) 

TENPORARY PRESSURE Jl**> DUE 
TO ACCELERATION OF FRICTION 

SLEEVE AW) CON- 
VERTING STATIC TO 

STEADY STATE BEFORE SLEEVE    MOVING FRICTION 
ENGAGED (IN THIS CASE A SLOW- 
LY INCREASING COKE RESISTANCE) 

PRESSURE 

NOTE—'>a' represents the correct cone resistance reading just before the pressure jump associated with engaging the fnctxxi sleeve during the continuing downward 
extension ot the tip. 'a-b' is the correct friction resistance if the friction sleeve could be engaged instantaneously and the cone plus friction resistance read instantaneously. 
However, the operator cannot read a pressure gage dial until it steadies, such as at point 'c' By this forced wait, the operator has introduced a friction resistance error 
of 'tx.' The operator must read the gage as soon as possible after me jump to minimize this error. Erratic or abrupt changes in cone resistance may make this error 
unacceptable. 
FIG. 5   Annotated Chart Record of tha Prasaure Change* in the Hydraulic Load Cell Measuring Thrust on Top of the Inner Roda During an 

Example Extension of the Mechanical Friction-Cone Penetrometer Tip 

of the friction sleeve when using cones with the standard 
4.1.1 diameter. For other cones (see Note 2) use no closer 
than 8 diameters. 

NOTE 15—Non-mechanical techniques to reduce friction, such as the 
use of drilling mud above the tip, are also allowable. 

6.2 Prevention of Rod Bending Above Surface—Use a 
tubular rod guide, at the base of the thrust machine, of 
sufficient length to prevent significant bending of the push 
rods between the machine and the ground surface. 

NOTE 16—Special situations, such as when working through water, 
will require a special system of casing support to restrict adequately the 
buckling of the push rods. 

6.3 Drift of Tip—For penetration depths exceeding about 
40 ft (12 m), the tip will probably drift away from a vertical 
alignment. Occasionally, serious drifting occurs, even at less 
depth. Reduce drifting by using push rods that are initially 
straight and by making sure that the initial cone penetration 
into soil does not involve unwanted, initial lateral thrust. 
Passing through or alongside an obstruction such as boul- 
ders, soil concretions, thin rock layers, or inclined dense 
layers may deflect the tip and induce drifting. Note any 
indications of encountering such obstructions and be alert 
for possible subsequent improper tip operation as a sign of 
serious drifting. 

NOTE 17—Electric penetrometer tips may also incorporate an incli- 
nometer to monitor drift and provide a warning when it becomes 
excessive. 

6.4 Wear of Tip—Penetration into abrasive soils eventu- 
ally wears down or scours the penetrometer tip. Discard tips, 
or parts thereof, whose wear changes their geometry or 

surface roughness so they no longer meet the requirements of 
4.1. Permit minor scratches. 

6.5 Distance Between Cone and Friction Sleeve—The 
friction resistance of the sleeve applies to the soil at some 
distance above the soil in which the cone resistance was 
obtained at the same time. When comparing these resis- 
tances for the soil at a specified depth, for example when 
computing friction ratios or when plotting these data on 
graphs, take proper account of the vertical distance between 
the base of the cone and the midheight of the friction sleeve. 

6.6 Interruptions—The engineer may have to interrupt 
the normal advance of a static penetration test for purposes 
such as removing the penetrometer and drilling through 
layers or obstructions too strong to penetrate statically. If the 
penetrometer is designed to be driven dynamically without 
damage to its subsequent static performance (those illus- 
trated herein in Figs. 1 to 4 are not so designed), the engineer 
may drive past such layers or obstructions. Delays of over 10 
min due to personnel or equipment problems shall be 
considered an interruption. Continuing the static penetration 
test after an interruption is permitted provided this addi- 
tional testing remains in conformance with this standard. 
Obtain further resistance component data only after the tip 
passes through the engineer's estimate of the disturbed zone 
resulting from the nature and depth of the interruption. As 
an alternative, readings may be continued without first 
making the additional tip penetration and the disturbed zone 
evaluated from these data. Then disregard data within the 
disturbed zone. 

NOTE 18—Interruption of the piezocone sounding after a push 
allows the engineer to examine the dissipation of posiuve or negative 
excess pore water pressure. 
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6.7 Below or Adjacent to Borings—A cone or friction- 
cone sounding shall not be performed any closer than 25 
boring diameters from an existing, unbackfllled, uncased 
boring hole. When performed at the bottom of a boring, the 
engineer should estimate the depth below the boring of the 
disturbed zone and disregard penetration test data in this 
zone. The depth may vary from one to five diameters. Where 
the engineer does not have sufficient experience with this 
variable a depth of at least three boring diameters should be 
used. 

6.8 Mechanical Penetrometers: 
6.8.1 Inner Rod Friction—Soil particles and corrosion 

can increase the friction between inner rods and push rods, 
possibly resulting in significant errors in the measurement of 
the resistance component(s). Qean and lubricate the inner 
rods. 

6.8.2 Weight of Inner Rods—For improved accuracy at 
low values of cone resistance, correct the thrust data to 
include the accumulated weight of the inner rods from the 
tip to the topmost rod. 

6.8.3 Jamming—Soil particles between sliding surfaces or 
bending of the tip may jam the mechanism during the many 
extensions and collapses of the telescoping mechanical tip. 
Stop the sounding as soon as uncorrectable jamming occurs. 

6.9 Electric Penetrometers: 
6.9.1 Water Seal—Provide adequate waterproofing for 

the electric transducer. Make periodic checks to assure that 
no water has passed the seals. 

NOTE 19—Some electric tip sleeve designs are not compensated for 
hydrostatic end area effects and require a calibration correction. 
Determining the net end area of the cone under hydrostatic pressure also 
requires a hydrostatic calibration measurement. The tip manufacturer 
can usually supply these calibration correction constants. Their impor- 
tance increases as the soil being tested becomes weaker. 

7. Report 
7.1 Graph of Cone Resistance. qc—Every report of a cone 

or friction-cone sounding shall include a graph of the 
variation of cone resistance (in units of tons or kPa) with 
depth (in feet or metres). Successive cone-resistance test 
values from the mechanical cone and friction-cone pene- 
trometers, usually determined at equal increments of depth 
and plotted at the depth corresponding to the depth of the 
measurement, may be conneaed with straight lines as an 
approximation for a continuous graph. 

7.2 Friction-Cone Penetrometer: 

7.2.1 Graph of Friction Resistance, fs—In addition to the 
graph of cone resistance (7.1) the report may include an 
adjacent or superposed graph of friction resistance or friction 
ratio, or both, with depth. Use the same depth scale as in 7.1 
(see 6.5). 

7.2.2 Graph of Friction Ratio, Rj—If the report includes 
soil descriptions estimated from the friction-cone penetrom- 
eter data, include a graph of the variation of friction ratio 
with depth. Place this graph adjacent to the graph for cone 
resistance, using the same depth scale (see 6.5). 

7.3 Piezocone Penetrometer—In addition to the 7.1 and 
7.2 report requirements, a piezocone sounding shall include 
a parallel graph, to the same depth scale, of measured pore 
water pressure during the penetration versus depth. Excess 
pore water pressure versus time plots may also be con- 
structed at those depths where the piezocone sounding is 
interrupted (see Note 1). 

7.4 General—The operator shall record his name, the 
name and location of the job, date of sounding, sounding 
number, location coordinates, and soil and water surface 
elevations (if available). The report shall also include a note 
as to the type of penetrometer tip used, the type of thrust 
machine, tip and thrust calibration information, or both, any 
zero-drift noted, the method used to provide the reaction 
force, if a friction reducer was used, the method of tip 
advancement, the method of recording, the condition of the 
rods and tip after withdrawal, and any special difficulties or 
other observations concerning the performance of the equip- 
ment. 

7.5 Deviations from Standard—The report shall state that 
the test procedures were in accordance with this Test Method 
D 3441. Describe completely any deviations from this test 
method. 

8. Precision and Bias 
8.1 Because of the many variables involved and the lack 

of a superior standard, engineers have no direct data to 
determine the bias of this method. Judging from its observed 
reproducibility in approximately uniform soil deposits, plus 
the qc and fs measurement effects of special equipment and 
operator care, persons familiar with this method estimate its 
precision as follows: 

8.1.1 Mechanical Tips—Sundard deviation of 10 % in qc 

and 20% in^. 
8.1.2 Electric Tips—Standard deviation of 5 % in qc and 

10% in/,. 
NOTE 20—These data may not match similar data from mechanical 

tips (see 1.3). 

The American Society for Testing and Materials takes no position respecting the validity of any patent rights asserted in connection 
with any Item mentioned in this standard. Users of this standard are expressly edvised that determination ot the validity ot any such 
patent rights, and the risk ot intringement ot such rights, are entirely their own responsibility. 

TN$ standard it subject to revision at any time by the responsible technical committee and must be reviewed every trve years and 
H not revised, either reapproved or withdrawn, four comments are invited either tor revision ot this standard or tor additional standards 
and should be addressed to ASTU Headquarters. Your comments will receive careful consideration at a meeting ot the responsible 
technical committee, which you may attend. It you teal that your comments have not received a lair hearing you should make your 
views known to the ASTU Committee on Standards, 1916 Race St.. Philadelphia. PA 19103. 
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Abstract 

Several charts exist for evaluating soil type from cone penetration test 

(CPT) data. A new system is proposed based on normalized CPT data. The new 

charts are based on extensive data available from published and unpublished 

experience worldwide. The new charts are evaluated using data from a 300 m 

deep borehole with wireline CPT. Good agreement was obtained between samples 

and the CPT data using the new normalized charts. 

Recommendations are provided concerning the location to measure pore 

pressures during cone penetration. 

Keywords:  Soil classification, cone penetration test, in-situ 
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INTRODDCTION 

One of the primary applications of the Cone Penetration Test (CPT) is for 

stratigraphic profiling. Considerable experience exists concerning the 

identification and classification of soil types from CPT data. Several soil 

classification charts exist for CPT and cone penetration testing with pore 

pressure measurements (CPTU). 

In this paper the limitations of existing CPT and CPTU classification 

charts are discussed and a new system proposed based on normalized 

measurements. A discussion is also presented regarding the recommended 

position to measure pore pressures during cone penetration. 

SOIL CLASSIFICATION 

Some of the most comprehensive recent work on soil classification using 

electric cone penetrometer data was presented by Douglas and Olsen (1981). 

One important distinction made by Douglas and Olsen (1981) was that CPT 

classification charts cannot be expected to provide accurate predictions of 

soil type based on grain size distribution but provide a guide to soil 

behaviour type. The CPT data provide a repeatable index of the aggregate 

behaviour of the in-situ soil in the immediate area of the probe. 

In recent years soil classification charts have been adapted and improved 

based on an expanded data base (Robertson 1986, Olsen and Farr 1986). An 

example of such a soil classification chart for electric CPT data is shown in 

Figure 1. The chart in Figure 1 is based on data obtained predominantly at 

depths less than 30 m and is global in nature. Therefore, some overlap in 

zones should be expected. 

Most classification charts, such as the one shown in Fig. 1, use the cone 

penetration resistance, q , and friction ratio, Rf, where; 



f 
R  =  §- x 100% [1] 
f    <?„ 

and f  = sleeve friction. s 

Recent research has illustrated the importance "of cone design and the 

effect that water pressures have on the measured penetration resistance and 

sleeve friction due to unequal end areas (Campanella et al. , 1982; Baligh et 

al., 1981). Thus cones of slightly different designs, but conforming *- the 

International Standard (ISSMFE-1977) and Reference Test Procedure 

(ISOPT-1988), will give slightly different values of q and f , especially in 

soft clays and silts. 

For electric cones (Figure 2) that record pore pressures, corrections can 

be made to account for unequal end area effects. Baligh et al. (1981) and 

Campanella et al. (1982) proposed that the cone resistance, q could be 

corrected to a total cone resistance, q. using the following expression; 

qt = qc + (1-a)u [2] 

where u = pore pressure measured between the cone tip and the 

friction sleeve 

a = net area ratio. 

It is often assumed that the net area ratio is given by 

D 

where d = diameter of load cell support 
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D = diameter of cone. 

However, this provides only an approximation of the net area ratio since 

additional friction forces are developed due to distortion of the water seal 

O-ring. Therefore, it is recommended that the net area ratio should always be 

determined in a small calibration vessel (Battaglio and Maniscalco, 1983; 

Campanella and Robertson 1988). 

A similar correction can also be applied to the sleeve friction (Lunne et 

al 1986, Konrad 1987). Konrad (1987) suggested the following expression to 

determine the total stress sleeve friction, f ; 

ft = fs - (1 - 3b)cu [4] 

A 
u st 

where: b = 
Asb 

A
Sb 

c = 
A 
s 

u 
s 

A . = end area of friction sleeve at top 
st •L 

A . = end area of friction sleeve at bottom 
sb 

A = outside surface area of friction sleeve 
s 

u = pore pressure at top of friction sleeve 

However, to apply this correction, pore pressure data are required at 

both ends of the friction sleeve.  Konrad (1987) showed that this correction 

could be more than 30% of the measured f  for some cones.   However, the 
s 

correction can be significantly reduced for cones with an equal end area 



friction sleeve (i.e. b = 1.0). 

The corrections in [2] and [4] are only important in soft clays and silts 

where high pore pressures and low cone resistance occur. The corrections are 

negligible in cohesionless soils where penetration is generally drained and 

cone resistance is generally large. The author believes that the correction 

to the sleeve friction is generally unnecessary provided the cone has an equal 

end area friction sleeve. 

Recent studies have shown that even with careful procedures and 

corrections for pore pressure effects the measurement of sleeve friction is 

often less accurate and reliable than the tip resistance (Lunne et al. 1986). 

Cones of different designs will often produce variable friction sleeve 

measurements. This can be caused by small variations in mechanical and 

electrical design features, as well as small variations in tolerances. 

To overcome problems associated with sleeve friction measurements, 

several classification charts have been proposed based on q. and pore 

pressures (Jones and Rust, 1982; Baligh et al. , 1980; Senneset and Janbu, 

1984). 

The chart by Senneset and Janbu (1984) uses the pore pressure parameter 

ratio, B , defines as; 

u - u 
B  =  -2_ [5] 
q    qt " avo 

where u = pore pressure measured between the cone tip and the 

friction sleeve 

u  = equilibrium pore pressure 

a      = total overburden stress vo 

The original chart by Senneset and Janbu (1984) uses q .  However, it is 
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generally agreed that the chart and B  should use the corrected total cone 

resistance, qt. 

Experience has shown that, although the sleeve friction measurements are 

not as accurate as q and u, generally more reliable soil classification can 

be made using all three pieces of data (i.e., q , f , u). A first attempt at 

defining a system that uses all three pieces of data was proposed by Robertson 

et al. (1986) and used q , B and Rf. 

Normalized CPT Data 

A problem that has been recognized for some time with soil classification 

charts that use q and Rf is that soils can change in their apparent 

classification as cone penetration resistance increases with increasing 

depth. This is due to the fact that qt, f and u all tend to increase with 

increasing overburden stress. For example, in a thick deposit of normally 

consolidated clay the cone resistance (qc) will increase linearly with depth 

resulting in an apparent change in CPT classification for large changes in 

depth. Existing classification charts .^re based predominantly on data 

obtained from CPT profiles extending to a depth of less than 30 m. Therefore, 

for CPT data obtained at significantly greater depths some error can be 

expected using existing CPT classification charts that are based on q (or q ) 

and R,. 

Attempts have been made to account for the influence of overburden stress 

by normalizing the cone data (Olsen, 1984; Douglas et al., 1985; Olsen and 

Farr, 1986). These existing approaches require different normalization 

methods for different soil types, which produces a somewhat complex iterative 

interpretation procedure that requires a computer program. 

Conceptually, any normalization to account for increasing stress should 
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also account for changes in horizontal stresses; since penetration resistance 

is influenced in a major way by the horizontal effective stresses 

(Jamiolkowski and Robertson, 1988). However, at present, this has little 

practical benefit without a prior detailed knowledge of the in-situ horizontal 

stresses. Even normalization using only vertical effective stress requires 

some input of soil unit weights and ground water conditions. 

Wroth  (1984)  and Houlsby  (1988)  suggested  that CPT data should be 

normalized using the following parameters; 

a     -  a 
Normalized cone resistance,  Q =   [6] 

t     a  ' 
vo 

Normalized friction ratio,  F  =   x 100 (%) [7] 
Ht   vo 

U ~ Uo            A 
Normalized pore pressure,  B  =    =    [8] 

q   qt - avo        %   -  a vo 

Based on these normalized parameters and using the extensive CPTU data 

base now available in published and unpublished sources, modified soil 

behaviour type classification chares have been developed and are shown in 

Figure 3. 

The  two  charts  shown  in  Figure  3  represent  a  three-dimensional 

classification system that incorporates all three pieces of CPTU data.  For 

basic CPT data where only q  and f  are available the lefthand chart (Fig. 3) 
c     s 

can be used. T error in using uncorrected q data will generally only 

influence the data in the lower part of the chart where normalized cone 

resistance is less than about 10. This part of the chart is for soft, fine 

grained soils where q  can be small and penetration pore pressures (u) can be 

large. 
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Included on the normalized soil behaviour type classification charts is a 

zone that represents approximately normally consolidated soil behaviour. A 

guide is also provided to indicate the variation of normalized CPT and CPTU 

data for changes in; overconsolidation ratio (OCR), age and sensitivity (S. ) 

for fined grained soils, where cone penetration is generally undrained, and 

OCR, age, cementation and friction angle (ij)') for cohesionless soils, where 

cone penetration is generally drained. 

Generally, soils that fall in zones 6 and 7 represent approximately 

drained penetration, whereas, soils in zones 1, 2, 3 and 4 represent 

approximately undrained penetration. Soils in zones 5, 8 and 9 may represent 

partially drained penetration. An advantage of pore pressure measurements 

during cone penetration is the ability to evaluate drainage conditions more 

directly. 

The charts in Figure 3 are still global in nature and should be used as a 

guide to define soil behaviour type based on CPT and CPTU data. Factors such 

as changes in, stress history, in-situ stresses, sensitivity, stiffness, 

macrofabric and void ratio will also influence the classification. 

Occasionally soils will fall within different zones on each chart, in 

these cases judgement is required to correctly classify the soil behaviour 

type. Often the rate and manner in which the excess pore pressures dissipate 

during a pause in the cone penetration will significantly aid in the 

classification. For example, a soil may have the following CPTU parameters; 

q,. = 0.9 MPa, f = 40 kPa and Au = 72 kPa at a depth where cf  = 180 kPa and 
-it S "O 

a     ' = 90 kPa.  Hence, the normalized CPTU parameters are; 
vo 

q  - a 
*    VO- = 8 

a  ' 
vo 
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f 
x 100 = 5.6% 

q  - a Mt    vo 

Au 
B  =   = 0.1 
q   q  - a 

t vo 

Using these normalized parameters the soil would classify as a slightly 

overconsolidated clay (clay to silty clay) on the normalized friction ratio 

chart and as a silt mixture (clayey silt to silty clay) on the normalized pore 

pressure ratio chart. However, if the rate of pore pressure dissipation 

during a pause in penetration were very slow this would add confidence to the 

classification as a clay. If the dissipation were more rapid, say 50% 

dissipation in 2 to 4 minutes (2 mins < t50 < 4 mins), the soil is more likely 

to be a clayey silt. 

The manner in which the dissipation occurs can also be important. In 

stiff, overconsolidated clay soils, the pore pressure behind the tip can be 

very low and sometimes negative of the equilibrium pore pressure u , whereas, 

the pore pressure on the face of the cone can be very large due to the large 

increase in normal stresses created by the cone penetration. '.-."hen penetration 

is stopped in overconsolidated clays, pore pressures recorded behind the tip 

may initially increase before decreasing to the equilibrium pore pressure. 

The rise can be caused by local equilization of the high pore pressure 

gradient around the cone tip (Campanella et al., 1986). 

CASE HISTORY 

To illustrate the advantage of using normalized data a case history 

involving a deep borehole with wireline CPT will be briefly presented. The 

deep borehole was performed as part of a research program to study the land 

subsidence of Bologna in Italy (Belfiore et al. 1989).  The borehole was 300 m 
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deep using a hydraulic drill rig equipped with a wire-line system for sampling 

and cone penetration testing. During the boring 30 undisturbed samples were 

taken and 27 static penetration tests were performed, using both electric CPT 

and CPTU. At suitable elevations dissipation tests were carried out with the 

CPTU in order to measure equilbrium pore pressures and the rate of dissipation 

of the excess pore pressures. Geophysical data were also obtrained including 

electrical, seismic and radioactivity logs. Full details of the test program 

are given by (Belfiore et al. 1989). 

A summary of the soil profile and CPTU data are presented in Figure 4. 

Based on all the results from the boring, a total of 14 well defined 

compressible layers were identified and are marked by a C in Figure 4. The 

compressible layers consist of approximately normally consolidated clayey silt 

and silty clay, of medium to high plasticity. A total of 13 cohesionless 

drainage layers were also identified and marked by a D in Figure 4. 

It can be seen from Figure 4 that the points of minimum q represent the 

compressible layers and lie approximately on a striaght line corresponding to 

a normalized cone resistance of about, 2.8. The corrected cone resistance 

values (q^) range from 3.7 MPa (37 bars) to 15 MPa (150 bars) at depths of 

about 65 m to 280 m. The calculated friction ratio values (Rf) vary from 3.3% 

to 1.3%. Hence, the predicted soil behaviour type using the classification 

chart in Figure 1 would change with increasing depth from a clayey silt to a 

sand. However, using normalized cone data and the proposed normalized charts 

the compressible layers (C) are more correctly classified as a clay soil 

behaviour type throughout the depth range investigated. A summary of the CPT 

and CPTU data from the deep borehole plotted on the normalized charts is shown 

in Figure 5. 

It is interesting to note that the excess pore pressures during cone 



- 12 

penetration (A = u - u ) have high positive values in the clay layers, 

negative values in silty layers and values close to zero (i.e. equilibrium 

pore pressures) in coarse grained layers. 

The proposed charts in Figure 3 were developed before the data from 

Bologna were available. Belfiore et al. (1989) found that the proposed 

classification chart (Fig. 3) based on normalized CPTU data showed good 

agreement with the samples and other field data. 

The Bologna data represents a somewhat extreme example of a deep CPT 

sounding. Generally, most on-shore CPT's are performed to a depth of less 

than 30 m and existing charts using non-normalized data, such as the one shown 

in Figure 1, often provide reasonable good evaluations of soil behaviour type. 

A disadvantage of the charts shown in Figure 3 is that an estimate is 

required of the soil unit weights and equilibrium pore pressures to calculate 

avo ar'd ^o'' However, charts using normalized CPT data are conceptually more 

correct than the previous chart in Figure 1. 

It is likely that the simplified chart in Figure 1 will continue to be 

used because of its simplicity and because the basic field data can be applied 

without complex normalization. However, with the increasing use of field 

computers normalized charts such as that presented in Figure 3 should become 

more frequently used. 

Pore Pressure Element Location for CPTU 

The pore pressure ratio shown in Figure 3 is based on pore pressures 

measured immediately behind the cone tip and in front of the friction 

sleeve. Much has been published in recent years concerning the locations for 

recording cone penetration pore pressures (Roy et al. 1982, Smits, 1982, 

Campanella et al. 1982, Battaglio et al. 1986).  Recommendations concerning 
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the location of the piezometer element have generally been based on 

considerations of either equipment and procedures or interpretation methods- 

Based on a review of existing experience the following comments can be mado 

about pore pressure measurements during cone penetration. 

In terms of equipment design and test procedures there has been a trend 

towards placing the pore pressure element behind the cone tip, usually in 

front of the friction sleeve. This location has the advantages of good 

protection from damage due to abrasion and smearing and generally easier- 

saturation procedures. The location behind the tip is also the correct 

location to adjust the measured penetration resistance (q ) to total 

resistance (q ) due to unequal areas. Filter elements located on the face of 

the cone tip need very careful design to avoid filter element compression and 

load transfer as well as high resistance to abrasion and smearing. 

In terms of interpretation it is generally agreed that pore pressures 

measured on the face of the cone tip produce the maximum values and provide 

excellent stratigraphic detail, provided problems with filter compression and 

load transfer have been removed. For a more detailed understanding of 

interpretation it is helpful to distinguish between drained and undrainod 

penetration. For cone penetration in coarse grained soils, such as clean 

sands, any pore pressures generated due to penetration dissipate almost as 

rapidly and penetration is essentially drained. However, for cone penetration 

in fine grained soils significant excess pore pressures can be generated and 

penetration is essentially undrained. There is a class of soils that may 

exhibit a partially drained penetration at the standard penetration rate of 

20 mm/sec. Partially drained penetration can occur in soils such as, fine 

sands and silty sands, for which quantitative interpretation is difficult. 

Hence, interpretation of cone penetration pore pressures is generally limited 
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to fine grained soils in which penetration is essentially undrained. 

For undrained cone penetration interpretation is generally directed 

towards the evaluation of undrained shear strength (s ) and stress history 

(OCR, 0 ' )• To evaluate the preferred measurement parameter (q or u) to be 

used for interpretation it is necessary to distinguish between soft, 

uncemented fine grained soils and stiff, fine grained soils with high OCR. 

Figure 6 presents a nummary of the main differences in measurement parameters 

between soft, low OCR and stiff, high OCR soils. 

For cone penetration in soft, uncemented fine grained soils the measured 

cone penetration resistance (q ) is generally small whereas, the pore 

pressures on the face or behind the tip (on the shaft) are both large. 

Generally, for cone penetration in soft soils, the pore pressure on the shaft 

just behind the tip is approximately 80 percent of the face pore pressure. 

However, both pore pressure locations (on the face or behind the tip) provide 

large pore pressures and good stratigraphic detail. The pore pressures 

further up the shaft away from the tip tend to be somewhat smaller and provide 

a lcr,s detailed response to changes in stratigraphy. Because q is generally 

s~a ] 1 and ttie pore pressures are large the correction to q is generally 

significant. Hence, it is generally important to record the pore pressure on 

the shaft just behind the tip so that the correct pore pressure can be applied 

to obtain q using equation [2]. Because of a generally decreased accuracy in 

recording the small q values and the need to make significant corrections due 

to unequal area effects, the preferred measurement for use in interpretation 

in soft soils is the penetration pore pressure (u). Because of equipment and 

procedural considerations (saturation), the preferred location for the pore 

pressure measurement is just behind the cone tip. 

For cone penetration in stiff, high OCR, fine grained soils the measured 
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cone penetration resistance is generally large. The pore pressure on the face 

of the cone is also generally large but problems with filter compression are 

frequently encountered and pore pressures may be unreliable (Battaglio et al., 

1986). However, the pore pressure measured just behind the tip is often small 

and can sometimes be negative of the equilibrium pore pressure. An exception 

to this can occur in cemented and/or sensitive stiff clays where large pore 

pressures can be recorded behind the tip due to the collapse of the soil 

structure. Because the q values are generally large and the pore pressures 

just behind the tip are generally small, the correction to q is often small 

and negligible. Hence, the penetration resistance (q ) is often a more 

reliable measurement than the penetration pore pressure and is preferred for 

interpretation when penetrating stiff, high OCR, fine grained soils. 

During a stop in the penetration any excess pore pressures start to 

dissipate and the rate of dissipation can be interpreted to evaluate 

consolidation characteristics of the surrounding soil (Tortensson, 1977). In 

soft, low OCR soils the pore pressure dissipation data are generally good for 

pore pressure element locations both on the fac« and behin'5 the tip. However, 

in stiff, high OCR soils the dissipation data behind tho tip can suffer from 

local equilization with the much higher pore pressured on the face of the tip 

and interpretation can be difficult. 

Based on the above observations it is clear that there is no single 

location for pore pressure measurements that meet all requirements for all 

soil types. Hence, the preference is to record pore pressures at two or more 

locations simultaneously. Cones presently exist that can record pore 

pressures at two or more locations but saturation procedures are often 

complex. To avoid increased complexities with equipment and saturation 

procedures it is recommended to have flexibility in cone design so that pore 
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pressures can be measured either on the face of the cone tip or just behind 

the tip. Many cone designs already exist that enable the filter location to 

be easily changed in the field. 

For general piezocone testing it is therefore recommended to measure the 

pore pressure just behind the tip for the following reasons: 

1. good protection from damage 

2. easy saturation 

3. generally good stratigraphic detail 

4. generally good dissipation data 

5. right location to correct q 

However, if a stiff, high OCR, clay deposit is encountered and measured pore 

pressure behind the tip become very small, it is recommended to change the 

location (in the field) to record pore pressures on the face of the tip. For 

quantitative interpretation of the pore pressures measured on the face of the 

tip during penetration in stiff soils it is important to avoid, or be aware 

of, potential errors due to filter compression. 

SUMMARY 

A new soil behaviour type classification system has been presented using 

normalized cone penetration test parameters. The new charts represent a 

three-dimensional classification system incorporating all three pieces of data 

from a CPTU. The charts are global in nature and can be used to define soil 

behaviour type. Factors such as changes in, stress history, in-situ stresses, 

sensitivity, stiffness, macrofabric and void ratio will also influence the 

classification. A guide to the influence some of these variables have oh the 

classification have been included on the charts. 
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Occasionally soil will fall within different zones on each chart, in 

these cases the rate and manner in which the excess pore pressures dissipate 

duirng a pause in the penetration can significantly aid in the 

classification. A case history involving wireline CPTU data from a 300 m deep 

borehole has been presented to illustrate the usefulness of applying 

normalized data for soil classification. 

A discussion has also been presented regarding the recommended position 

to measure pore pressures during cone penetration. No single location for 

pore pressure measurements meet all requirements for all soils. Hence, the 

ideal situation is to record pore pressures at two or more locations 

simultaneously. However, to avoid increased complexities with equipment and 

saturation procedures it is recommended to have flexibility in cone design so 

that pore pressures can be measured either on the face of the cone tip or just 

behind the tip. For penetration into granular soils and soft cohesive soils 

it is recommended to measure the pore pressures just behind the cone tip. For 

penetration into stiff, high OCR clay or silt deposts it is recommended to 

change the location (in the field) to record pore pressures on the face of th.i 

cone tip. However, for quantitative interpretation of pore pressures measured 

on the face of the tip during penetration in stiff soils it is important to 

avoid, or be aware of, potential errors due to filter element compression. 
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